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SUMMARY
1. This t h e s i s  o u t l i n e s  th e  phy logeny , d i s t r i b u t i o n ,  
b io lo g y  and l i f e  h i s t o r i e s  of lam preys , w ith  p a r t i c u l a r  
r e f e r e n c e  to  the  i d e n t i f i c a t i o n  of B r i t i s h  lam preys .
2 .  Immunological te c h n iq u e s  of i d e n t i f i c a t i o n  were 
e x p lo re d ,  u s in g  th e  e x t e r n a l  mucus and o th e r  a n t ig e n s ,  
and th e  r e s u l t s  d i s c u s s e d .
3 .  The im p l ic a t io n s  of th e  r e s u l t s  f o r  th e  taxonomy 
of the  lampreys l e d  to  f i e l d  o b s e rv a t io n s  of t h e i r  
spawning b eh a v io u r  which i s  d e s c r ib e d .
4 .  The i d e n t i f i c a t i o n  of Petromyzon marinus p r e s e n t s  
no d i f f i c u l t i e s ,  b u t  th e  d i f f e r e n c e  between Lam petra 
f l u v i a t i l i s  and L , p l a n e r i  i s  so  sm all  as  to  c a s t  
doubts  on t h e i r  taxonomic s t a t u s  as s p e c i e s .
5 .  In  view of th e s e  d o u b ts ,  s p e c ie s  c o n c e p ts ,  i s o l a t i n g  
mechanisms and modes of s p é c i a t i o n  a r e  d i s c u s s e d ,  
p a r t i c u l a r l y  as  th e y  r e l a t e  to  p o s s ib le  mechanisms of 
lamprey s p é c i a t i o n .
6 .  Models of the  d e r i v a t i o n  of n o n - p a r a s i t i c  lampreys 
from t h e i r  'p a i re d *  p a r a s i t i c  forms a re  s u g g e s te d  and 
d i s c u s s e d .
7 .  Ways of t e s t i n g  th e  models by h y b r i d i s a t i o n  and 
marking experim en ts  a re  p ro p o sed .
•  1 -
I .  INTRODUCTION
The lamprey p r e s e n t s  tax o n o m is ts  w i th  d i f f i c u l t i e s  which 
have no t been found in  (qu ite  th e  same form in  any o th e r  group of 
a n im a ls .  T h is  work i s  an a t te m p t  t o  r e s o lv e  some of th e s e  problems 
and to  s u g g e s t  p o s s i b le  e x p la n a t io n s  of th e  o t h e r s .  Immature 
lampreys a r e  d i f f i c u l t  to  i d e n t i f y  and an im munological te c h n iq u e  
has been e x p lo re d  to  ach iev e  t h e i r  i d e n t i f i c a t i o n .  The r e c o g n i t io n  
of the  s e p a r a t e  taxonomic s t a t u s  of an an im al im p lie s  t h a t  i t  has 
evo lved  w ith  d i s t i n c t i o n  from i t s  c o n te m p o ra r ie s .  S ince  t h i s  
e v o lu t io n  has a p p a r e n t ly  o c c u r re d ,  p o s t u l a t e s  to  e x p la in  th e  
s e l e c t i v e  mechanism must be o f f e r e d .  S in ce  such s e l e c t i o n  o p e ra te s  
th ro u g h o u t th e  l i f e  of an an im al which d ie s  im m ediate ly  a f t e r  
spawning, th e r e  must be c o n s id e r a t io n  of i t s  e n t i r e  b io lo g y ,  hence 
some of th e  p r a c t i c a l  work has been on r e l e v a n t  a s p e c t s  of i t s  r e p ro d ­
u c t iv e  b e h a v io u r .
A. Phylogeny
Although i t  has been a g re e d  t h a t  the  Cyclostomes be long  to  
th e  C la ss  A gnatha, th e  r e l a t i o n s h i p  between th e  Petrom yzonida and 
th e  M yxinoidea has been the  s u b je c t  of much d i s c u s s io n ,  as  has the  
r e l a t i o n s h i p  between th e s e  two groups and the  f o s s i l  A gnatha .
The te rm  Agnatha has fo rm e r ly  been used  to  d e s c r ib e  th o se  
t r u e  v e r t e b r a t e s  t h a t  do no t have jaws formed from th e  f i r s t  two 
b r a n c h ia l  a r c h e s ,  as a re  th e  jaws found in  th e  G nathostom es. The 
use  of the  word 'Agnatha* has been q u e s t io n e d  by J a r v i k  ( 1964 , 1968) 
and by S te n s if t  ( I 968) who co n ten d  t h a t  some of th e  f o s s i l  forms 
had a b i t i n g  a p p a ra tu s  and a l l  sh o u ld  th e r e f o r e  be r e f e r r e d  to  as 
th e  C yc lo s to m ata ,  a te rm  fo rm e r ly  r e s e r v e d  f o r  th e  e x t a n t  A gnathans, 
th e  Petrom yzonida and the  M yxinoidea. I t  i s  c o n v en ien t  however.
a) (% n a t u r a l  s iz e )
b)
( n a tu r a l  s i z e )
c) ( l ^  n a tu r a l  s i z e )
F ig u re  1. a) H em icyc lasp is , a l a t e  S i l u r i a n  C ephalasp id ,
b) B i rk e n ia , a S i l u r i a n  A naspid .
c) P t e r a s p i s , a Devonian P te r a s p id ,
(F acing  p .  2)
— 2  —
to  r e t a i n  a s e p a r a te  te rm  f o r  th e  l i v i n g  fo rm s, so th e  word
'A gna tha ' i s  h e re  used to  in c lu d e  a l l  the  c o n v e n t io n a l ly  ja w le s s
v e r t e b r a t e s  -  th e  C ephalasp idom orphi,  the  P te ra sp id o m o rp h i and the  
two l i v i n g  g roups ; which l a s t  two a re  h e r e i n  r e f e r r e d  to  as th e  
C y c lo s to m a ta ,
The Agnatha a re  w e l l  r e p r e s e n te d  in  th e  f o s s i l  r e c o r d ,  f i r s t  
a p p e a r in g  in  th e  O rd o v ic ia n  as  r a t h e r  f rag m e n ta ry  f o s s i l s  in  
f r e s h w a te r  f a c i e s .  I n  th e  S i l u r i a n  and Devonian a  la rg e  number 
of forms o c c u rre d  b u t  d is a p p e a re d  d u r in g  th e  Upper Devonian, 
presum ably o u s te d  by th e  i n c r e a s in g ly  d i v e r s i f i e d  jawed f i s h e s .
A c l a s s i f i c a t i o n  o f  th e  Agnatha from S te n s ib  ( I 968) w ith  
taxonomic g rades  from Romer (1945) i s  g iv en  below.
C l a s s .  AGNATHA
S u b -c la s s  1 .  Cephalaspidom orphi
O rder O s t e o s t r a c i  (= 'C e p h a la s p id s ' )
O rder A naspida
O rder P e tro m y zo n tid a .
S u b » c la ss  11 . P te ra sp id o m o rp h i
O rder H e t e r o s t r a c i
O rder M yxinoidea
The C ephalasp idom orphi a re  d i s t i n g u i s h e d  by th e  d o r s a l  
p o s i t i o n  of th e  s i n g l e  n a so -h y p o p h y s ia l  opening; the  P te r a s p id o ­
morphi have s i n g l e  or double  n a so -h y p o p h y s ia l  openings which a r e  
v e n t r a l  or t e rm in a l  on th e  sn o u t and th e y  may no t have a p in e a l  
open ing .
The O s t e o s t r a c i  ( F ig .  l a )  a r e  found in  the  S i l u r i a n  and 
D evonian . They were com ple te ly  armoured w ith  bone and a s in g l e  
m assive  head s h i e l d  covered  th e  d o r s a l  head and 's h o u ld e r s *  r e g io n .  
P a i r e d  f i n s  were p r e s e n t  in  many forms b u t  th e s e  a re  n o t  homologous 
w i th  th e  p a i r e d  f i n s  of th e  gnathostom atous  f i s h e s .
-  3 -
Most o s t e o s t r a c a n s  showed c o n s id e ra b le  d o r s o - v e n t r a l  f l a t t e n i n g  
w hich , w i th  th e  d o r s a l  p o s i t i o n  of th e  ey es ,  i n d i c a t e s  t h a t  they  
were b o t to m -d w e l le r s .  Romer (1945) su g g e s te d  t h a t  the  expanded 
b r a n c h ia l  chambers in d i c a te d  a f i l t e r - f e e d i n g  h a b i t ,  b u t  D enison  ( 196I )  
b e l ie v e d  th a t  most were too  la rg e  and too  a c t i v e  f o r  t h i s  mode of 
fe e d in g  and t h a t  most were mud e a t e r s .
The e a r l y  A naspids ( F ig .  lb )  a l s o  had a com plete  bony armour, 
b u t  th e  head s h i e l d ,  where p r e s e n t ,  was formed by fu s e d  s c a l e - l i k e  
p l a t e s .  Many l a t e r  forms had l o s t  most or a l l  of t h e i r  arm our.
U n like  the  O s t e o s t r a c i  th e re  were no p a i r e d  f i n s  and the  body was 
no t d e p re s s e d .  They were p ro b ab ly  more a c t i v e  th a n  th e  o s te o s t r a c a n s  
b u t  D enison ( 1961) s u g g e s te d  th a t  th e y  a l s o  were mud s w a llo w e rs .
The e a r l i e s t  fragm ents  of v e r t e b r a t e  f o s s i l ,  from th e  O rdovi­
c i a n ,  a r e  p ro b ab ly  H e te r o s t r a c a n  and a l th o u g h  th e se  forms ( F i g .  la )  
appea r  s u p e r f i c i a l l y  s i m i l a r  to  the  C ephalasp idom orph i,  th e y  a re  
p ro b ab ly  n o t  c l o s e l y  r e l a t e d .  The armour was no t of t r u e  bone 
and th e  p a i r e d  n aso -h y p o p h y s ia l  openings were s i t u a t e d  below an 
e lo n g a te d  s n o u t ,  the  ro s t ru m .  They were p ro b ab ly  a c t i v e  swimming 
form s, b e in g  l i t t l e  f l a t t e n e d .  S te n s ib  ( I 968) has i n t e r p r e t e d  
the  o r a l  p l a t e s  a round the  mouth as a mechanism cap a b le  of b i t i n g  
or n ib b l in g  b u t  D enison ( I 961) s u g g e s te d  t h a t  th e s e  mouth p a r t s  were 
only  c a p a b le  of h o ld in g  or g ra s p in g  and t h a t  th e  H e t e r o s t r a c i  were 
p ro b ab ly  s e l e c t i v e  d e t r i t u s  fe e d e rs  (compared w ith  the  s u c t o r i a l  
f e e d in g  of th e  C ep ha lasp idom orph i) ,
The modern Cyclostomes and the  C ephalasp idom orphi have long  
been re g a rd e d  as monorhine from t h e i r  s i n g l e  n a so -h y p o p h y s ia l  
opening w h ile  th e  H e t e r o s t r a c i  a r e  c l a s s i f i e d  as  d i p l o r h i n e .  This 
d i v i s i o n  of th e  Agnatha has made the  e l u c i d a t i o n  of th e  r e l a t i o n ­
s h ip s  betw een the  f o s s i l  and e x t a n t  Agnatha r a t h e r  d i f f i c u l t .
i P i
c D
A -  D develop ing  Petromyzonid (A = youngest,  D = o ld e s t )
Myxinoid P te r a s p id
KEY
p = n aso -hypophys ia l  opening, 
n = t r u e  n a sa l  opening, 
h = hypophysia l  opening.
= u n s p e c i f ie d  ectoderm . 
[rnm = b r a in .
F igure  2 . Median lo n g i tu d in a l  
s e c t io n s  of the snout in  the 
named animals to  show re g io n a l  
and developm ental r e l a t i o n s h ip s  
(A ll  from S te n s ië ,  I968 ; A -  D 
a f t e r  Goodrich, 1909; E a f t e r  




= o l f a c to r y  organ.
= c r a n i a l  sn o u t .
= v i s c e r a l  snout (= p o s t-h y p o p h y s ia l  f o l d ) .  
= endoderm. 
no tocho rd .
( F a c i n g  p .  4)
-  4 ~
However, S te n s iS  ( I 968) has shown t h a t  th e  n a s a l  c a p s u le  was 
o r i g i n a l l y  p a i r e d  in  a l l  Agnatha and t h a t  the  s in g l e  e x t e r n a l  
opening in  the  Cephalasp idom orphi and th e  Cyclostomes i s  a r e s u l t  
of the  e v o lu t io n  of the  a n t e r i o r  head r e g io n  in  th e s e  forms#
The ' s n o u t '  of the  Agnatha i s  formed from two embryonic 
components, a s u p e r io r  c r a n i a l  component and a  v e n t r a l  v i s c e r a l  
p a r t#  D i f f e r e n t i a l  development of th e s e  components has produced 
th e  sn o u ts  found in  a d u l t  f o s s i l  and e x t a n t  A gnatha, S t r a h a n  (1958) 
has used th e  method of c o - o r d in a te  d e fo rm a tio n  of D 'Arcy Thompson 
( 1942) to  produce p r e d i c t i o n s  of the  o n to g e n ic  development of th e  
snou t and S te n s iB  ( I 968) has used th e  same d a ta  to  show the  r e l a t i o n ­
s h ip s  among th e  Agnathan o r d e r s .
The o r i g i n a l ,  most p r im i t i v e  c o n d i t io n  (F ig#2a)  i s  t h a t  found 
in  th e  pro-ammocoete la rv a e  of th e  lampreys a t  th e  s t a g e  when th e  
o l f a c t o r y  organs f i r s t  d i f f e r e n t i a t e .  At t h i s  s ta g e  th e  n a s a l  
openings (n )  a r e  s e p a r a t e  from t h a t  of th e  hypophysis  (h )  and a re  
v e n t r a l l y  s i t u a t e d  j u s t  in  f r o n t  of th e  stomodaeum.
D uring  th e  development of th e  C ephalasp idom orphi and th e  
Petrom yzonidae the  f o ld  of t i s s u e  between th e  h y p o p h y s ia l  opening 
and th e  stomodaeum ( th e  p o s t-h y p o p h y s ia l  f o ld )  g r e a t l y  e n la rg e s  
( F ig ,  2b & c ) ,  push ing  the  openings fo rw ard  and then  upward. 
E v e n tu a l ly  in  th e  a d u l t  ( F ig ,  2d) the  openings l i e  d o r s a l l y  w ith  
a  s i n g l e  common e x i t ,  th e  n aso -h y p o p h y s ia l  open ing .
The space i n t o  which the  o l f a c to r y  organs and hypophysis  open, 
S tens iB *s  p r e - n a s a l  s in u s ,  i s  in  f a c t  an e x t r a c e p h a l i c  s p a c e ,  
c r e a te d  s o l e l y  by the  p o s t -h y p o p h y s ia l  fo ld #  The t r u e  n a s a l  
openings a re  o r i g i n a l l y  p a i r e d  and open i n t o  t h i s  space#
The fo rw ard  e v o lu t io n  of th e  p o s t -h y p o p h y s ia l  f o l d  i s  found 
in  th e  O s t e o s t r a c i ,  th e  A naspida  and th e  P e trom yzon idae , I n  th e
~  5  -
M yxinoidea b o th  c r a n i a l  and v i s c e r a l  components e n la rg e  to  th e  same 
fo rw ard  e x t e n t  or the v i s c e r a l  p a r t  i s  th e  s h o r t e r  ( F ig .  2 e ) ,  The 
n aso -h y p o p h y s ia l  opening i s  formed in  the  same way as in  Petrom yzon, 
b u t  opens t e rm in a l ly  or v e n t r a l l y .  The H e te r o s t r a c a n  sn o u t  shows 
th e  same development as t h a t  of the  M yxinoids, b u t  w ith  th e  l a t e r  
development of th e  r o s t r a l  c a r t i l a g e  i n  some forms ( F ig ,  2 f ) ,
S ten s iB  ( I 968) l i s t e d  o th e r  c h a r a c te r s  t h a t  th e  M yxinoidea 
and th e  H e t e r o s t r a c i  had in  common and c o n s id e re d  th a t  th e  two 
groups were more c l o s e l y  r e l a t e d  to  each  o th e r  th a n  to  any o th e r  
Agnathan g roup , as d id  S tra h a n  (1958) and J a r v i k  ( 1968) ,
The m a jo r i ty  of C ep h a lasp id s  and Anaspids r e p r e s e n te d  as  
S i l u r i a n  o r  Devonian f o s s i l s  were too  s p e c i a l i s e d  to  have g iven  r i s e  
to  th e  Pe trom yzonidae , which p ro b ab ly  a ro s e  from a l e s s  s p e c i a l i s e d  
Cephalaspidom orph type  in  the  O rd o v ic ia n  or Cam brian, Such a  type  
i s  perhaps  r e p r e s e n t e d  by Jam oytius  kerw oodi. W hite ,  a S i l u r i a n  
f o s s i l  showing a s im ple  Cephalaspidom orph o r g a n i s a t i o n ,  J a m o y t iu s , 
c l a s s i f i e d  by R i t c h i e  ( 1968) as an A naspid , p o s s e s s e d  a s im ple  
ey e1o s to m e - l ik e  b r a n c h ia l  b a sk e t  and u n l ik e  th e  m a jo r i ty  of Cephal­
asp idom orphi was no t h e a v i ly  arm oured, a l th o u g h  i t  d id  p o sse ss  
l a t e r a l  t ru n k  s c a l e s ,
R i t c h i e  c o n s id e re d  th e  anim al to  be to o  long  to  f i l t e r - f e e d  
and the  sm all  mouth s u p p o r ts  the  view t h a t  i t  was a s u c t o r i a l  mud 
or  d e t r i t u s  f e e d e r .
The p re se n c e  of l a t e r a l  f i n —fo ld s  and th e  o ccu rrence  of 
Jam oytius  i n  th e  S i l u r i a n  r a t h e r  th a n  e a r l i e r ,  p ro b ab ly  p r e c lu d e s  
t h i s  s p e c ie s  from b e in g  d i r e c t l y  a n c e s t r a l  to  th e  lam preys, b u t  
such  a n c e s to r s  were p ro b ab ly  v e ry  s i m i l a r  and p o s s ib ly  c l o s e l y  r e l a t e d  
to  J a m o y t iu s ,
The only f o s s i l  lamprey so f a r  found i s  Mayomyzon p ie c k o e n s is  
from th e  C arb o n ife ro u s  P en n sy lv an ian  of th e  U n ite d  S t a t e s .  Bardack 
and Z an g e r l  ( I 968) have d e s c r ib e d  t h i s  s p e c ie s  which i s  in  most ways 
v e ry  s i m i l a r  to  the  metamorphosing s ta g e s  of modern lam preys, ex ce p t 
t h a t  i t  i s  only one q u a r t e r  to  one h a l f  of th e  s i z e  of known modern 
m acrophthalm ia , i . e .  th e  im m ediately  pos t-m e tam orph ic  s t a g e .  L ike 
modern m acrophthalm ia Mayomyzon p o s se s s e d  l a r g e ,  w e l l  developed  eyes 
b u t  in  c o n t r a s t  t h e r e  a re  no t e e t h .  The p re sen ce  of a p i s t o n  was 
i n t e r p r e t e d  by Bardak and Z ange rl  as  im ply ing  th e  p o s s e s s io n  of a 
r a s p in g  tongue , hence i f  t h i s  i s  so they  p ro b ab ly  had a p a r a s i t i c  
mode of l i f e ,
Bardack and Z an g e r l  have su g g es ted  t h a t  because  of th e  many 
f e a t u r e s  t h a t  appea r  to  have rem ained unchanged s in c e  th e  Carbon­
i f e r o u s ,  the  lampreys have a long p re -C a rb o n i fe ro u s  e v o lu t io n ,  and 
th a t ,b e c a u s e  Mayomyzon shows no Myxinoid c h a r a c t e r s ,  th e  d i v i s i o n  
between the  Petrom yzonidae and the  M yxinoidea was a l r e a d y  long 
e s t a b l i s h e d  by t h i s  t im e .  These c o n c lu s io n s  a g ree  w e l l  w i th  those  
of S te n s iB  ( I 968) r e g a rd in g  th e  e v o lu t io n  of th e  C yclostom es, b u t  
Bardack and Z an g e r l  a l s o  su g g e s t  t h a t  th e  o r a l  hood, which i s  th e  
p o s t -h y p o p h y s ia l  f o ld ,  i s  a p u re ly  lamprey m o d i f ic a t io n  to  th e  s p e c i f ­
i c  method of f e e d in g ;  a l th o u g h  S t r a h a n  (1958) and S te n s iB  ( I 968) 
have shown t h a t  th e  upper l i p  development has  p ro b ab ly  ta k en  p la c e  
in  a l l  C ephalasp idom orph i.
The lampreys a re  a lm ost c e r t a i n l y  an a n c i e n t  and c o n s e rv a t iv e  
group on t h i s  e v id e n c e ,  J a r v i k  ( I 968) b e l i e v e s  t h a t  th e  Agnatha 
a re  i n  no way p r im i t i v e  compared w ith  th e  G nathostom ata  and t h a t ,  
in  f a c t ,  many Gnathostomes show p r im i t i v e  f e a t u r e s  when compared 
w ith  th e  A gnatha. He p roposed  t h a t  the  Agnatha and the  Gnatho­
s tom a ta  a re  ' s i s t e r  g ro u p s '  (H ennig , I 966) and as such a ro s e  from
-  7 -
a  common a n c e s t o r ,  p ro b ab ly  i n  the  P re -C am brian ,
I f  t h i s  view i s  a c c e p te d ,  th e  e v o lu t io n  of th e  Agnatha can be 
r e p r e s e n te d  by th e  diagram  below . The absence of th e  (Siatho- 
s to m a ta  in  th e  f o s s i l  r e c o rd  b e fo re  th e  Devonian i s  p ro b ab ly  due 
to  th e  la c k  of m assive  bony s t r u c t u r e s .
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Cambrian
To sum up, th e  Petrom yzonidae a r e  d e r iv e d  from a s im p le ,  
p ro b ab ly  A n a s p id - l ik e  s to c k  a t  some time d u r in g  th e  e a r l y  P a la e o z o ic .  
D enison ( I 9 6 I )  su g g e s te d  t h a t  a l l  of th e  C ephalasp idom orphi were 
s u c t o r i a l  f e e d e r s ,p r o b a b ly  e a t i n g  mud. R i t c h i e  ( I 968) has i n t e r ­
p r e t e d  Jam oytius  as  a s u c t o r i a l  f e e d e r  on D i c t y o c a r i s , t h i n  s h e e ts  
of which a r e  found p ie r c e d  w ith  round h o le s  on th e  same h o r iz o n  as
-  8  -
Ja m o y t iu s . D ic t y o c a r i s  has been i n t e r p r e t e d  v a r i o u s l y  from an 
a lg a  to  a p r im i t i v e  c r u s t a c e a n , s o  i t s  t r u e  n a tu re  i s  u n c e r t a in  
( R i t c h i e ,  I 968) ,  I t  seems p ro b ab le  however, t h a t  th e  lam preys, 
a r i s i n g  from a Jam o y t iu s - l i k e  a n c e s t o r ,  would have s t a r t e d  as  
s u c t o r i a l  f e e d e r s ,  pe rh ap s  p r o g r e s s in g  to  s c r a p in g  a lg a e  o r  c r u s t ­
aceans from ro ck  s u r f a c e s  w i th  a  r a s p in g  tongue and thence  to  
p a r a s i t i s m .  I f  J a r v ik * s  i n t e r p r e t a t i o n  ( 1968) of th e  phylogeny 
of Gnathostomes and Agnathans i s  c o r r e c t ,  i t  i s  p o s s ib le  t h a t  th e r e  
were p r i m i t i v e  unarmoured Gnathostomes a t  t h a t  tim e which would 
have formed s u i t a b l e  p re y  f o r  an  i n c i p i e n t  p a r a s i t e  o r  p r e d a t o r .
The armour of Jam oytius  was incom ple te  and many l a t e r  A naspids 
were unarmoured, The^lampreys may have a r i s e n  th e r e f o r e  from a 
l a t e r  unarmoured s to c k ,  o r ,m ore  p ro b a b ly , f ro m  a p a r t i a l l y  armoured 
e a r l y  l i n e ,  lo s in g  t h e i r  rem a in in g  armour on becoming  ̂ a c t i v e l y  
swimming p re d a to r s .
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B. D i s t r i b u t i o n
E x tan t  lampreys a re  h o l a r c t i c  i n  d i s t r i b u t i o n ,  o c c u r r in g  in  
r i v e r s  in  most tem p era te  r e g io n s .  F ig u re  3 i s  a s k e tc h  map of 
lamprey d i s t r i b u t i o n s  b u t , a s  many r e p o r t s  d e a l  w i th  a s i n g l e  s i t e  
o r  a  s in g le  r i v e r ,  i t  has been n e c e ss a ry  to  su g g e s t  a g e n e ra l  
d i s t r i b u t i o n  from th e s e  l i m i t e d  d a t a .
The m a jo r i ty  of s p e c ie s  occur betw een th e  -18°C m id-W inter 
iso th e rm  and th e  25^C mid-Summer is o th e rm .  This d i s t r i b u t i o n  may 
be a r e f l e c t i o n  of te m p e ra tu re  to l e r a n c e s  o r  i t  may be t h a t  l a t i t u d e s  
o u ts id e  th e se  l i m i t s  do n o t  have r i v e r s  w i th  c o n s ta n t  f r e s h w a te r .
There a re  th r e e  types  of l i f e - h i s t o r i e s  among lampreys and 
a p p a re n t  anom alies  in  d i s t r i b u t i o n  a re  pe rh ap s  b e t t e r  u n d e rs to o d  
w i th  r e f e r e n c e  to  th e s e  l i f e - h i s t o r i e s .  Lampreys have a  l a r v a l  
l i f e  of up to  s i x  y e a rs  i n  r i v e r s  or s t r e a m s .  The anadromous 
lampreys m ig ra te  to  the  s e a  a f t e r  m etam orphosis , r e tu r n i n g  to  the  
r i v e r s  to  b re e d  a f t e r  a fe e d in g  p e r io d  of perhaps  s e v e r a l  years*
The f r e s h w a te r  p a r a s i t i c  forms a l s o  m ig ra te  a f t e r  metamorphosis 
b u t  s t a y  w i th in  f r e s h w a te r ,  r e t u r n i n g  u ps tream  to  breed# Non- 
p a r a s i t i c  forms a l s o  m ig ra te  ups tream  to  b re e d  a few months a f t e r  
metamorphosis w i th  no in t e r v e n in g  a d u l t  f e e d in g  p h a s e .
The Icimpreys of th e  G ulf S t a t e s  of th e  U .S .A . occur so u th  of 
th e  Summer 25^C iso th e rm  b u t  a l l  a r e  f r e s h w a te r  p a r a s i t i c  or non- 
p a r a s i t i c ,  and l i v e  in  a r e g io n  of h ig h  Summer r a i n f a l l  (50mm 
average  in  J u l y ) .  T e t r a p le u ro d o n  occurs  w e l l  so u th  of th e  Summer 
iso th e rm  in  C e n t r a l  Mexico b u t  b o th  s p e c ie s  a r e  f r e s h w a te r  only  
and a re  found in  la k es  and r i v e r s  a t  a l t i t u d e s  above 2000m, where 
average  J u ly  te m p e ra tu re s  a re  below 20^0.
With the  e x c e p t io n  of T e t ra p le u ro d o n , th e  most s o u th e r ly  s p e c ie s  
in  th e  n o r th e rn  hem isphere a r e  non—p a r a s i t i c  and they  do no t have
— 1 0  —
a p a r a l l e l  ' p a r e n t a l '  p a r a s i t i c  s p e c i e s .  For t h i s  re a s o n  and 
because  of o th e r  'd eg en e ra te*  f e a t u r e s  ( e . g .  th e  lo s s  of t e e t h  
in  O k k e lb e rg ia ) th e y  a r e  o f t e n  r e g a rd e d  as ' r e l i c t s *  from a period^  
p ro b ab ly  d u r in g  th e  Ic e  Age, when lampreys had a more t r o p i c a l  
d i s t r i b u t i o n #  O kkelberg ia  occurs  in  the  M is s i s s i p p i  b a s in ,  a 
r e g io n  no ted  f o r  i t s  r e l i c t s  of a n c ie n t  gnathostom e f i s h  form s, 
f o r  example, Polydon and Amia.
The d i s t r i b u t i o n  of th e  n o r th  R u s s ia n  lampreys i s  p u z z l in g .
The anadromous form, Lampetra ja p o n ic a  s e p t e n t r i o n a l i s # occurs  
up to  th e  -18°C Ja n u a ry  is o th e rm ,  and no t f a r  beyond th e  s o u th e rn  
l i m i t  of th e  pack i c e .  Presumably th e  pack i c e ,  even a f t e r  a  c o ld  
Winter^ has broken  up by th e  tim e of th e  b re e d in g  m ig r a t io n .
L. ja p o n ic a  k e s s l e r i , however, i s  r e c o rd e d  in  r i v e r s  from the  Ob 
to  the  Anadyr, in  a re g io n  where th e  average  Ja n u a ry  te m p e ra tu re s  
a r e  -35°C (L indberg  and Legeza, 1939). In a  f r e s h w a te r  p a r a s i t i c  
form . i t  i s  h a rd  to  u n d e rs ta n d  how t h i s  d i s t r i b u t i o n  of  a form 
t h a t  would seem to  be dependen t upon f lo w in g  w a te r  f o r  much of i t s  
l i f e  h i s t o r y  i s  com patib le  w i th  the  average  te m p era tu re s#  However, 
most r e p o r t s  a re  m ere ly  re c o rd s  of i t s  occu rren ce  w i th in  a  r i v e r  
system  and a l l  of the  r i v e r s  of t h i s  c o a s t  r i s e  f a r  to  th e  South  
where Jan u a ry  te m p e ra tu re  av e rag es  a r e  up to  —18°C, I t  i s  p o s s i b le  
t h a t  a d u l t s  m ig ra te  u p r iv e r  f o r  th e  W in te r  and i f  th e  m a jo r i ty  of 
a d u l t s  spawn u p - r i v e r  a l s o ,  most ammocoetes would occur w i th in  t h i s  
r e g io n  of m ild e r  w in t e r s .
L i t t l e  i s  known of th e  m arine d i s t r i b u t i o n  of th e  anadromous 
lampreys# Zanandrea ( 1962 ) s t a t e d  t h a t  Lam petra f l u v i a t i l i s  i s  
found in  in s h o re  w a te rs  w i th in  the  c o n t i n e n t a l  s h e l f  a r e a s  w h ile  
th e  l a r g e r  Petromyzon m arinus i s  more o c e a n ic .  This  d i s t r i b u t i o n  
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l a r g e s t  s p e c ie s  b e in g  t r u l y  o c e a n ic .
Of the  fo u r  l a rg e  anadromous s p e c ie s  one, Caspiomyzon w a g n e r i , 
i s  co n f in e d  to  th e  C asp ian  Sea in  i t s  a d u l t  p h ase .  The o th e r  
t h r e e  a r e  w idely  ra n g in g  as can be s een  from th e  l a r v a l  d i s t r i b ­
u t i o n .  G e o t r ia  a u s t r a l i s  i s  found in  A u s t r a l i a  and New Z ea land  
and in  s o u th e rn  South  America; Petromyzon marinus occurs  on b o th  
s id e s  of th e  N orth  A t l a n t i c  and Entosphenus t r i d e n t a t u s  i s  t r a n s ­
p a c i f i c  in  d i s t r i b u t i o n .
G e o t r ia  has been found as  an a d u l t  o f f  South  G eorg ia  I s l a n d  
( P e r m i t in ,  1966; Ivanova-B erg ,  I 968) and Entosphenus has been 
t r a w le d  from dep ths  of 380m in  th e  G ulf of A laska  and th e  so u th e rn  
B ering  Sea (Abakumov, I 964) and o f f  th e  c o a s t  of B aja  C a l i f o r n i a  
(Hubbs, 1967) .  S ca rs  caused  by t h i s  lamprey have been r e p o r te d  
on w hales caugh t o f f  Vancouver I s l a n d  and P ike  ( I 9 5 l )  su g g e s te d  t h a t  
some of th e s e  s c a r s  were caused  w h ile  th e  whales were f u r t h e r  s o u th .  
A more d e t a i l e d  l i s t  of the  d i s t r i b u t i o n  of th e  s p e c ie s  i s  g iven  
in  Table  I .
Figure 4» L a te r a l  view of an a d u l t  r i v e r  lamprey, (x%)
(F ac in g  p .  1 2)
F ig u re  5 . Shows the  bucca l d is c  of a mature P» marinus»
(F acing  p . 12)
Figure  6 . D orsa l view of the  head of f l u v i a t i l i s  
showing the  p in e a l  ( a )  and the  naso -  
hypophysia l opening ( b ) .
(Fac ing  p .  12)
— 1 2  —
C. G enera l B io logy
1. A p pearance .
a )  A dult lam p rey s .
A dult lam preys v a ry  i n  s i z e  a c c o rd in g  to  s p e c i e s .  The 
l a r g e s t ,  up to  800mm lo n g ,  b e in g  th e  anadromous s p e c ie s  and the  
s m a l l e s t ,  down to  abou t 80mm lo n g ,a r e  the  n o n - p a r a s i t i c  s p e c i e s .
A l l  a r e  s i m i l a r l y  p r o p o r t io n e d .  The body i s  r e e l - l i k e ,  b e in g  
s l i g h t l y  t h i c k e r  d o r s o - v e n t r a l l y  th a n  l a t e r a l l y ,  and the  head , 
t r u n k  and t a i l  r e g io n s  merge sm oothly  i n t o  one a n o th e r  ( F ig ,  4)*
The head and b r a n c h i a l  r e g io n s  a re  to g e th e r  abou t one 
q u a r t e r  of th e  t o t a l  body le n g th .  The a n t e r o - v e n t r a l  mouth i s  
su rro u n d ed  by a c i r c u l a r  d i s c  armed w ith  horny t e e t h ,  w hich , w ith  
th e  m uscu lar  b u c c a l  fu n n e l  forms a s u c t i o n  a p p a ra tu s  ( F ig .  5)*
The m uscu lar  tongue in s id e  the  b u cca l  fu n n e l  i s  a l s o  to o th e d  and 
i t  i s  u sed  b o th  as a  p i s t o n  in  s u c t i o n  and as  a r a s p  in  f e e d in g .
The eyes a re  w e l l  developed  and a re  p la c e d  a t  the  s id e s  of 
th e  h ead .  As th e  eyes have no e x t e r n a l  m u s c u la tu re ,  fo rw ard  
v i s i o n  i s  p o s s i b le  on ly  by body movement. The s in g le  n aso -  
hy p o p h y s ia l  opening i s  d o r s a l  and j u s t  a n t e r i o r  to  th e  p in e a l  
which shows th ro u g h  th e  s k in  on top  of th e  head between th e  eyes  
( F i g ,  6 ) ,  There a r e  seven  g i l l  pouches on each  s i d e ,  each w i th  
a s e p a r a t e  c i r c u l a r  o pen ing .
The a n t e r i o r  d o r s a l  f i n  i s  t r i a n g u l a r  and d i s c r e t e  ex cep t 
a t  s e x u a l  m a tu r i t y .  The p o s t e r i o r  d o r s a l  f i n  i s  co n t in u o u s  w i th  
the  diam ond-shaped c a u d a l  f i n  w hich, ru n n in g  fo rw ards  v e n t r a l l y  
t o  th e  an u s ,  forms a s m a l l  v e n t r a l  f i n .  These f i n s  have s u p p o r t in g  
c a r t i l a g e n o u s  r a y s .
The smooth s k in  has  no s c a le s  and c o n ta in s  abundan t mucus- 
s e c r e t i n g  c e l l s .  A d u l t  lampreys a r e  g r e y ,  brown o r g r e e n i s h
Figure  7 . L a t e r a l  view of a p la n e r i  anunocoete 
to  show the  o r a l  hood ( a ) .  (x  5)
(F acing  p .  13)
—  13 “ *
in  c o lo u r  a c c o rd in g  to  s p e c i e s ,  in d iv id u a l  v a r i a t i o n  and t h e i r  
p h y s io lo g i c a l  c o n d i t i o n .  The u n d e rs id e  i s  u s u a l l y  l i g h t e r  th a n  
th e  d o r s a l  s u r f a c e  and some s p e c i e s ,  e . g .  Petromyzon m a rin u s , a r e  
m o t t le d .
b) The anunocoete.
The f r e s h w a te r  f i l t e r - f e e d i n g  l a r v a ,  the  anunocoete, has no 
o r a l  d i s c  b u t  t h e r e  i s  a l a rg e  upper l i p  c a l l e d  th e  o r a l  hood, ( F ig .  ? ) •  
At the  p h aryngea l end of th e  b u cca l  c a v i ty  i s  a velum, s i m i l a r  to  
th a t  of B ranch iostom a, from which a c i l i a t e d  groove runs  backwards 
th rough  th e  pharynx w ith  the  g roove , velum and th e  b r a n c h i a l  
chambers com pris ing  the  f i l t e r - f e e d i n g  a p p a r a tu s .  The eyes a re  
rud im en ta ry  and covered  w i th  s k i n .  There i s  no a n t e r i o r  d o r s a l  
f i n  and the  anunocoete u s u a l ly  d i f f e r s  from th e  a d u l t  in  c o l o u r a t i o n  
b e in g  g e n e r a l ly  more d a rk ly  p igm ented .
2 . L i f e  H i s t o r i e s .
A lthough the  pos t-m etam orph ic  l i f e  h i s t o r i e s  of th e  d i f f e r e n t  
groups of lampreys a re  d i ^ i m i l a r ,  the  p re-m etam orphic  p e r io d  i s  
th e  same excep t in  d u r a t i o n .
Lampreys produce la rg e  numbers of eggs , th e  n o n - p a r a s i t i c  s p e c ie s  
be ing  th e  l e a s t  p r o d u c t iv e .  For example, th e  mean egg p ro d u c t io n  
p e r  fem ale of Lampetra p l a n e r i  i s  g iv en  by H a r d i s ty  ( 1964) as  1 ,400 .
The anadromous s p e c ie s  produce c o n s id e ra b ly  more eggs and Vladykov 
( 195O  g iv es  a mean f ig u r e  of 171,000 eggs f o r  Petromyzon m a r in u s .
The eggs h a tc h  in  two to  fo u r  weeks ( H a r d i s ty ,  1957,’ B a x te r ,  1954), 
the  e x a c t  t im in g  b e in g  dependent upon te m p e ra tu re .  Only a  sm a l l  
p r o p o r t i o n  (5*5^ to  7 * ^ )  of P . m arinus eggs a c t u a l l y  produce l a rv a e  
(Manion, I 968) .  I t  i s  l i k e l y  t h a t  te m p e ra tu re  i s  im p o r tan t  in  
determj/ng the  h a tc h in g  r a t e  of the  eggs and th e  v i a b i l i t y  of th e  
embryos (M c C a u le y , I963 ) .T he  la rv a e  l i e  in  the  g r a v e 1 of th e  s t re a m
—  1 4 * “
bed fo r  a f u r t h e r  th r e e  o r  fo u r  weeks ( B a x te r ,  1954) b e fo re  
burrow ing in  mudbanks. The p r e f e r r e d  s u b s t r a t e  f o r  the  r e s t  of 
the  l a r v a l  l i f e  i s  s i l t  w i th  a h ig h  o rg a n ic  c o n te n t  and a sm all  
adm ix ture  of s an d .  Such banks a re  u s u a l l y  found a t  th e  edges of 
s tream s or in  e d d ie s .  S c h u l tz  (1930) n o t i c e d  th a t  ammocoetes of 
Lampetra r i c h a r d s o n i  were r a r e l y  found in  m id -s tream  banks, 
presum ably as  th e s e  banks a r e  too  m obile ,  no r  d id  he f i n d  ammoc­
o e te s  i n  s i l t  w i th  growing p l a n t s ,  perhaps because  th e se  banks a re  
to o  com pacted. B ax te r  (1954, 1957) found th a t  L . p l a n e r i
ammocoetes o c c u rre d  in  s tream s w ith  a g r a d i e n t  of between 10 and 
30 f e e t  p e r  m ile  w i th  s u r f a c e  c u r r e n t s  a v e ra g in g  0 . 3 cm /sec ,
M. Thomas ( I 962) i n v e s t i g a t e d  ammocoetes of L . w i l d e r i  and P e t r o ­
myzon m arinus and p la c e d  the  upper l i m i t  of c u r r e n t  speed  a t
0 .6  to  0 . 8cm /sec .
Ammocoetes burrow head f i r s t  in  the  banks ,  u s in g  the  o r a l  
hood as an anchor and once th e  p h o to s e n s i t i v e  t a i l  i s  under the  
s u b s t r a t e  s u r f a c e ,  th e y  tu r n  t o  l i e  head uppermost a t  a s l i g h t  
ang le  to  th e  s u r f a c e  (A p p leg a te ,  1950; M.Thomas, I 962 ) .  The 
mudbank i s  l e f t  on ly  o c c a s io n a l ly ,  e i t h e r  a t  n ig h t :  . u s u a l ly  d u r in g  
the  second hour of d a rk n e s s ,  or when the  0 ^ t e n s io n  f a l l s  to  n ea r  
th e  l e t h a l  l e v e l  ( P o t t e r ,  H i l l  & G en tlem an ,1970) Knowles (1941) 
r e p o r te d  l a r g e r  c a tc h e s  of L. z a n a n d re i  ammocoetes in  e a r l y  morning 
th a n  a t  midday and i t  i s  p o s s i b l e  t h a t  they  burrow more deep ly  
l a t e r  in  th e  day .
Ammocoetes a r e  s e l e c t i v e  f i l t e r  f e e d e r s  a l th o u g h  th e  mechanism 
of s e l e c t i o n  i s  n o t  c l e a r .  Manion ( 1967) found t h a t  the  d ia tom  
N av icu la  r e p r e s e n te d  32.9% of the  food of P .  marinus ammocoetes 
when th ey  were 70-72mm long  a l th o u g h  N a v ic u la  was only  7*7% of the  
d ia tom  p o p u la t io n  in  the  bottom  w a te rs  of th e  s t r e a m .  He a l s o  found 
th a t  F r a g i l a r i a  was on ly  8.7% of th e  food  of 35^55mm ammocoetes
-  15 -
even though i t  was 31*7% of th e  bottom  d ia tom  f l o r a .
E s t im a te s  of l a r v a l  l i f e  f o r  any one s p e c ie s  v a ry  c o n s id e r a b ly .  
Lam petra f l u v i a t i l i s  l a r v a l  l i f e  i s  p u t  a t  6 y e a r s  by McDonald (1 9 5 9 ) ,  
4^  y e a r s  by H a rd is ty  and Huggins ( l9 7 0 )  and a t  3 y e a r s  by P r i v o ' l n e v  
( 1964)* Petromyzon marinus has a l a r v a l  l i f e  of 5» o r  p o s s ib ly  
6 y e a r s  as e s t im a te d  by le n g th - f r e q u e n c y  d i s t r i b u t i o n  a n a l y s i s  
( H a r d i s ty ,  I969) .  H a rd is ty  and Huggins (1970) su g g e s te d  t h a t  
th e  l a r v a l  l i f e  of L . p l a n e r i  i s  6% y e a r s .  The l a r v a l  l i f e  of 
Ichthyomyzon f o s s o r  was e s t im a te d  u s in g  l a r v i c i d e s  to  be 3 to  4  
y e a r s  by P u rv is  (1970) and N ik o l s k i i  su g g e s te d  t h a t  L . .japonica 
i s  a l a r v a  f o r  4  y e a r s  ( 19^j$).
M etamorphosis ta k e s  p la c e  in  l a t e  Autumn and e a r l y  W in te r ;  
e x t e r n a l  changes ta k in g  p la c e  w i th in  a few weeks, b u t  i n t e r n a l  changes 
u s u a l ly  ta k in g  lo n g e r  (H a r d i s ty ,  P o t t e r  and S tu rg e ,  1970; Young and 
C o le ,  1900) .  At metamorphosis th e  a d u l t  c h a r a c t e r i s t i c s  of b u cca l  
d i s c ,  t e e t h ,  eyes and a n t e r i o r  d o r s a l  f i n  a re  a c q u i r e d .  In  
anadromous s p e c ie s  th e  newly metamorphosed m acrophthalm ia  becomes 
v e ry  s i l v e r y .  I n t e r n a l l y  a new f o r e g u t  r e p la c e s  th e  l a r v a l  f o r e g u t  
a l th o u g h  t h i s  may n ev e r  become f u n c t i o n a l  in  th e  a d u l t s  of non- 
p a r a s i t i c  s p e c i e s .  In  th e s e  n o n - p a r a s i t i c  s p e c ie s  th e  gonads 
deve lop  r a p i d l y .
N o n - p a r a s i t i c  s p e c ie s  spawn in  th e  S p r in g  fo l lo w in g  t h e i r  
metamorphosis b u t  the p a r a s i t i c  s p e c ie s  m ig ra te  down r i v e r  a t  t h i s  
t im e .  L . f l u v i a t i l i s  b e g in s  to  m ig ra te  i n  l a t e  March o r A p r i l  
(H a r d i s ty ,  P o t t e r  and S tu r g e ,  1970), a l th o u g h  W eissenberg  (1925) 
found m acrophthalm ia  in  th e  r i v e r  E lbe  in  May. They ap p ea r  to  
be moving downstream d u r in g  the  S p r in g  t i d e s  in  th e  r i v e r  Severn  
and we have tak en  them w h i l s t  t r a w l in g  f o r  e l v e r s .
The le n g th  of th e  fe e d in g  phase  i s  n o t  known w ith  c e r t a i n t y  
f o r  any s p e c i e s .  Mordacia mordax spends th e  Summer and e a r l y  Autumn
— 16 —
a f t e r  com ple ting  metamorphosis f e e d in g  in  f r e s h w a te r  l a k e s ,  
moving to  th e  se a  f o r  a f u r t h e r  p ro b ab le  18 months fe e d in g  ( P o t t e r ,  
Lanzing  and S t r a h a n ,  I 968) .  The s m a l le r  anadromous s p e c ie s  p ro b ab ly  
a l l  spend 18 months to  2 y e a r s  in  the  s e a ,  b u t  th e r e  a re  no e s t im a te s  
of th e  d u r a t i o n  of the  marine phase of the  l a r g e r  anadromous lampreys,
A du lt  lampreys a r e  p a r a s i t i c  on v a r io u s  f i s h  s p e c i e s ,  f e e d in g  
by means of the  su c k e r  and the  m obile  r a s p in g  to n g u e .  R ep o r ts  of 
lampreys f o i ^  fe e d in g  n a t u r a l l y  a r e  u n f o r tu n a t e ly  few and t h e i r  
d i s t r i b u t i o n  d u r in g  t h i s  p e r io d  i s  u n c e r t a i n .  However, a d u l t  
Lam petra f l u v i a t i l i s  were r e p o r te d  in  th e  B a l t i c  by Benecke ( I 88O) 
and by W eissenberg  (1925) in  th e  N orth  Sea o f f  the  E n g l is h  c o a s t ;  
th ey  were a l s o  found by Zanandrea (1959a) i n  the  G ulf of G âe ta .
I t  i s  p ro b ab le  t h a t  t h i s  and o th e r  sm a ll  marine s p e c ie s  s t a y  in  
in s h o re  w a te rs  as do th e  young a d u l t s  of th e  l a r g e r  s p e c ie s ;
M ansueti ( I 962) r e p o r te d  young P .  marinus f e e d in g  on th e  A t l a n t i c  
menhaden ( B re v o o r t ia  t y r r a n u s ) in  Chesapeake Bay. Large anadromous 
a d u l t s  have been caugh t in  ocean ic  w a te r s ;  Entosphenus t r i d e n t a t u s  
in  the  B ering  Sea and th e  Gulf of A laska  (Abakumov, 19&4) and o f f  
B aja  C a l i f o r n i a  (Hubbs, 196?) and G e o tr ia  a u s t r a l i s  have been caugh t 
n e a r  South  G eorgia  I s l a n d  ( P e r m i t in ,  I 966) .
S c a rs  caused  by lamprey a t t a c k  have been found on v a r io u s  
marine f i s h e s ,  e s p e c i a l l y  salmon (Abakumov, I 960) and whales 
(P ik e ,  1951 ; S l i j p e r ,  I 962) ,  The f r e s h w a te r  p a r a s i t i c  s p e c ie s  
Ichthyomyzon u n ic u s p is  and I . c a s ta n e u s  a re  known to  f e e d  on a t  
l e a s t  16 d i f f e r e n t  s p e c ie s  of f i s h e s  a l th o u g h  one of t h e s e .  E sox 
l u c i u s , r e p r e s e n t s  one t h i r d  of th e  p r e y ,  (H ubley, I 961) .  I t  i s  
p o s s ib le  t h a t  d u r in g  th e  p a r a s i t i c  s ta g e  a d u l t  lampreys w i l l  a t te m p t  
to  feed  on w hatever th e y  can c a t c h .
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M ig ra t io n  of th e  anadromous s p e c ie s  i n t o  th e  r i v e r s  b eg in s  in  
l a t e  Summer and e a r l y  Autumn ( f o r  Lampetra f l u v i a t i l i s  see  W eissenberg , 
1925; H ag e lin  & S t e f f n e r ,  1958 and E v e n e t t  & Dodd, 1965). There i s  
ev idence  t h a t  some anadromous s p e c ie s  have an e a r l y  m ig ra t in g  popul­
a t i o n  a scen d in g  th e  r i v e r s  in  Autumn, and a  l a t e r  p o p u la t io n  m ig ra t in g  
in  S p r in g  ( P e r s .  Comm. B. J .  R. T a y l o r . ) .  Autumn m ig ran ts  p ro b ab ly  
o v e r -w in te r  in  deep w a te r  n e a r  th e  spawning g ro u n d s .
The changes a s s o c i a t e d  w ith  s e x u a l  m a tu r i ty  and d e t a i l s  of 
spawning b eh av io u r  a r e  r e f e r r e d  t o  in  th e  R e s u l t s  S e c t io n  ( i l l  b e lo w ) .
Spawning i s  in  S p r in g  o r  e a r l y  Summer, and the  e x a c t  tim e i s  
u s u a l ly  dependent on w a te r  te m p e ra tu re  (B a x te r ,  1954; L ohnisky , I966 ; 
Young & C o le ,  I 9OO; S c h u l t z ,  1950; H ag e lin  & S t e f f n e r ,  1958 and 
p e r s o n a l  o b s e r v a t i o n ) .  Spawning s i t e s  a re  chosen  p r im a r i ly  f o r  t h e i r  
s u b s t r a t e s ,  l i g h t  c o n d i t io n s  and c u r r e n t  b e in g  secondary  f a c t o r s  
(H ag e lin  & S t e f f n e r ,  1958). A s to n y  or  g r a v e l ly  s i t e  i s  always 
chosen and a d e p re s s io n  ( t h e  re d d )  i s  ex c a v a te d  by b o th  sexes  p r i o r  
to  spawning (Young & C o le ,  I 9OO; S c h u l t z ,  1950; L ohn isky , I 966 and 
M cIn ty re ,  I 969) .  Lohnisky ( 1966) and M cIntyre  (19&9) r e p o r t e d  t h a t  
n o n - p a r a s i t i c  s p e c ie s  spawn a t  dep ths  of between 20 and 100cm, as 
d id  Young and Cole ( 19OO), and between c u r r e n t  speeds of 80 and I 40 
cm /sec .
I t  i s  u n l i k e ly  t h a t  th e  d e g e n e ra t iv e  changes of i n t e r n a l  organs 
t h a t  occur d u r in g  m a tu ra t io n  c o u ld  be r e v e r s e d ,  and as  f a r  as  i s  
known, a l l  lampreys d ie  w i th in  a few weeks of spaw ning.
Lo p l a n e r i  and L. f l u v i a t i l i s
P. marinus
Figure  8 . The d i s t r i b u t i o n  of melanophores 
in  the caudal f i n  of ammocoetes, 
(A f te r  McDonald, 1958)
(F ac ing  p.  18)
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D. B r i t i s h  Lampreys
The th r e e  B r i t i s h  lampreys a r e  Petromyzon m a rin u s , Lampetra 
f l u v i a t i l i s  and L# p l a n e r i .
1. Petromyzon marinus ( th e  se a  la m p rey ) .
P .  marinus i s  a l a rg e  anadromous s p e c ie s  w ith  a  T ra n s - A t la n t i c  
d i s t r i b u t i o n .  L and-locked  r a c e s  occur in  s e v e r a l  la k e s  of th e  
U n ite d  S t a t e s  of A m erica. The ammocoetes l i v e  in  sandy s i l t  in  
u n p o l lu te d  r i v e r s .  They a r e  n ev e r  as common as the  L# f l u v i a t i l i s /  
L. p l a n e r i  ammocoetes w i th  which th e y  a r e  u s u a l l y  found , and from 
which th ey  can be d i s t i n g u i s h e d  by th e  cau d a l  p ig m e n ta t io n (F ig ,  8 , ) .  
S i t e s  c o n ta in in g  pure  P .  m arinus anunocoete p o p u la t io n s  have v e ry  
o c c a s io n a l ly  been  found, and i t  i s  p o s s ib le  t h a t  s e g r e g a t io n  of P. 
m arinus ammocoetes i s  u s u a l ,  b u t  r a r e l y  d e t e c t e d  because  of a 
p r e fe re n c e  f o r  in a c c e s s ib l e  s i t e s .  C e r t a i n l y  in  some r i v e r s ,  e . g .  
th e  Tawe, f a r  few er marinus ammocoetes have been found than  would 
be ex p ec ted  from th e  s i z e  of th e  spawning p o p u la t io n .  Ammocoetes 
grow to  about 150mm in  le n g th ;  l e n g th - f r e q u e n c y  d i s t r i b u t i o n s  
su g g e s t  a l a r v a l  p e r io d  of s i x  y e a r s  ( H a r d i s ty ,  19^9.a ) .
No metamorphosing or m acrophthalm ia  s ta g e s  of European m arinus 
have been found, and so th e  time of m etamorphosis rem ains  u n c e r t a in ,  
b u t  i t  i s  l i k e l y  to  be s i m i l a r  t o  t h a t  o f  o th e r  lam preys , i . e .  l a t e  
Summer and e a r l y  Autumn.
There i s  no in fo rm a t io n  on the  fe e d in g  phase of European 
marinus b u t  because  of th e  s i z e  of the  a d u l t s  th e  p rey  must be 
l a r g e ,  f o r  example f i s h e s  such  as cod, o r  s h a rk s  o r  C e ta c e a n s .
We have caugh t a d u l t  m arinus of up t o  800mm. They a re  rounder  
in  c ro s s  s e c t i o n  th a n  th e  a d u l t s  of the  o th e r  B r i t i s h  lam preys ,  and 
as w e ll  as th e  u s u a l  secondary  s e x u a l  c h a r a c t e r s  the  mature males
Zi-
F igure  9 . An a d u l t  male marinus to  show the  d o r s a l  r id g e  ( d ) .
(F ac ing  p .  19)
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have a pronounced * c o rd - l ik e *  d o r s a l  r id g e  ( F ig .  9 )# A dult  
c o lo u r in g  i s  v a r i a b l e  and . ground c o lo u r  may be a n y th in g  from a 
d i r t y  g rey  to  a b r i g h t  i r r i d e s c e n t  g o ld .  There i s  an i r r e g u l a r  
p a t t e r n  of dark  g re y ,  brown or b l a c k  b lo tc h e s  over th e  body and 
f i n s .
Spawning a d u l t s  have been fo u n d  in  th e  r i v e r s  Tawe, Teme, Tywi 
and Usk; u s u a l l y  below a w e ir  in  f a s t  f lo w in g  reac h es  where th e  bed 
i s  of l a rg e  g r a v e l  o r  p e b b le s .  These a d u l t s  have p ro b ab ly  been 
ly in g  under w e irs  o r  i n  o th e r  deep w a te r  pend ing  s e x u a l  m a tu ra t io n  
and spawning as we have found immature a d u l t s  in  such p l a c e s .  
Spawning ta k e s  p la c e  over s e v e r a l  weeks between mid-May and th e  end 
of June depending  upon w a te r  te m p e r a tu r e .  Immature a d u l t s  have 
been caught i n  August a t  a w e ir  on the r i v e r  Severn  and i t  i s  
p ro b ab le  t h a t  a t  l e a s t  p a r t  of th e  p o p u la t io n  beg ins  i t s  ups tream  
m ig ra t io n  in  th e  Summer of th e  y e a r  p re c e d in g  spaw ning.
2 . Lampetra f l u v i a t i l i s  ( t h e  R iv e r  Lamprey).
Lam petra f l u v i a t i l i s  i s  a s m a l l  anadromous s p e c ie s  w ith  a 
more r e s t r i c t e d  g lo b a l  d i s t r i b u t i o n  than  t h a t  of P . m arinus b u t  in  
B r i t a i n  t h e i r  d i s t r i b u t i o n s  a r e  s i m i l a r .
The ammocoetes of f l u v i a t i l i s  o f te n  occur  w i th  th o se  of m arinus 
and a lm ost always w i th  th o se  of Lam petra  p l a n e r i . Some p o p u la t io n s  
t h a t  a re  p red o m in an tly  f l u v i a t i l i s  w ith  only  a few m arinus and no 
p l a n e r i  have been found ( H a r d i s ty ,  1970; H a r d is ty  and H uggins, 1970). 
The l a r v a l  l i f e  of L . f l u v i a t i l i s  i s  p ro b ab ly  y e a r s ,  the  f i n a l  
y e a r  b e in g  a ' r e s t in g *  y e a r  w i th  l i t t l e  o r  no in c r e a s e  in  l e n g th  
and p o s s i b ly  even some s h r in k ag e  ( H a r d i s ty  and H uggins, 1970). 
M etamorphosis i s  a t  le n g th s  be tw een  80 and 120mm in  l a t e  J u ly  and
F ig u re  10. A comparison between an a d u l t  p l a n e r i  (a )
w ith  a f l u v i a t i l i s  m acrophthalmia ( b ) .  (L i fe  s i z e . )
(F ac in g  p.  20)
Figure 11 . A r ip e  female f l u v i a t i l i s . ( x % )
(F ac ing  p .  20)
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e a r l y  August* The e x t e r n a l  changes a r e  com pleted  w i th in  a  few 
weeks bu t th e  m acroph tha lm ia  p ro b ab ly  do n o t  m ig ra te  d ownstream 
u n t i l  the  S p r in g  ( H a r d i s ty  and H uggins, 1970; H a r d i s ty ,  P o t t e r  and 
S tu rg e ,  1970) .  M acroph tha lm ia  have r e g u l a r l y  been caugh t from a 
t r a w le r  in  the lo w er  Severn  r i v e r  in  March, ( F i g .  lO)
Feeding i s  p o s s i b l y  t r i g g e r e d  in  the  m acrophthalm ia  by e n t r y  
i n t o  s a l t  w a te r .  I n  aquarium  e x p e r im e n ts . f l u v i a t i l i s  d id  n o t  f e e d  
u n le s s  in  s ea  w a te r ,  when th e y  a t te m p te d  to  f e e d  upon dead p l a i c e  
and d ab s .
The m a jo r i t y  o f  f l u v i a t i l i s  p ro b a b ly  feed s  in  the  se a  bu t sm a ll  
lampreys of abou t 200mm, l a r g e r  th a n  a d u l t  p l a n e r i  and s m a l le r  th an  
f l u v i a t i l i s  u p s tre a m  m ig ra n ts ,  have been caught in  th e  lower r i v e r  
S e v e rn .  I t  i s  p o s s i b l e  t h e r e f o r e ,  t h a t  some f l u v i a t i l i s  f e e d  in  
e s t u a r i e s  o r  f r e s h  w a te r .
A dult  f l u v i a t i l i s  a re  up to  350mm in  le n g th ;  they  a r e  u s u a l ly  
d a rk  g rey  w i th  a  much l i g h t e r  v e n t r a l  s u r f a c e .  When r i p e ,  most 
show a  g reen  o r  b ro n ze  c o l o u r a t io n  a s s o c i a t e d  w i th  b i l e  breakdown 
p ro d u c ts  ( S t e r l i n g ,  Meranze, W insten and K r ie g e r ,  19&7). Upstream 
m ig ra t io n  b eg in s  i n  th e  Autumn b u t  t h e r e  seems to  be an a d d i t i o n a l  
p o p u la t io n  of S p r in g  m ig ra n ts  which a r e  n o t  m o rp h o lo g ic a l ly  d i f f e r ­
e n t i a t e d .  Spawning ta k es  p la c e  in  March o r  A p r i l ,  o f t e n  on s i t e s  
used  l a t e r  by m a r in u s .  ( F i g .  l l )
3 •  Lam petra p l a n e r i  ( th e  Brook Lam prey).
L .  p l a n e r i  i s  a n o n - p a r a s i t i c  d e r i v a t i v e  o f  L. f l u v i a t i l i s  and 
the  d i f f e r e n c e s  in  i n t e r n a l  and e x t e r n a l  morphology between the  two 
a re  a  r e f l e c t i o n  of the  d i f f e r e n t  l i f e  h i s t o r i e s .
Figure  12, An a d u l t  p l a n e r i . (L i fe  s i z e . )
(Facing  p.  21)
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L. p l a n e r i  ammocoetes o ccu r  much h ig h e r  upstream  th a n  th o se  of 
th e  o th e r  two lam preys and p u re  p o p u la t io n s  a r e  common, e s p e c i a l l y  
i n  sm a ll  s tream s  ( H a r d i s ty ,  1944» 196l a ) .  The d u r a t io n  of l a r v a l  
l i f e  in  p l a n e r i  i s  p ro b a b ly  5^  y e a r s ,  th e  l a s t  y e a r  b e in g  a r e s t i n g  
p e r io d  ( H a r d i s ty ,  1 9 6 lb ) .
Metamorphosis i s  i n  l a t e  Summer o r  e a r l y  Autumn and a t  a  l a r g e r  
s i z e  th a n  i n  f l u v i a t i l i s , b e in g  between 85 and 190mm ( H a r d i s ty ,  P o t t e r  
and S tu r g e ,  1970). The brown o r g reen ish -b ro w n  f u l l y  grown a d u l t s
a re  u s u a l l y  l60mm or a l i t t l e  l e s s  i n  l e n g th ,  a l th o u g h  New F o re s t
p l a n e r i  a r e  s m a l le r ,  b e in g  about 100mm long  when spaw ning . S hrinkage
occurs d u r in g  se x u a l  m a tu r a t i o n .  ( F i g ,  12)
I t  i s  p ro b a b le  t h a t  p l a n e r i  has been d e r iv e d  from f l u v i a t i l i s  
by d e la y e d  m etam orphosis ,  th u s  re d u c in g  a d u l t  l i f e  to  a s h o r t  non­
fe e d in g  p h a s e .  T h is  r e l a t i v e  le n g th e n in g  of th e  anunocoete p e r io d  
would acc o u n t  f o r  th e  l a r g e r  s i z e  of p l a n e r i  a t  m etamorphosis and 
a l s o  f o r  th e  s low ing  down of oocy te  growth d u r in g  th e  l a s t  two y e a r s  
of l a r v a l  l i f e  (H a r d i s ty ,  196S*>)» The number of oocy tes  produced 
by p l a n e r i  i s  much s m a l le r  th a n  t h a t  of f l u v i a t i l i s  (5 ,0 0 0  -  10,000 
oocy tes  i n  p l a n e r i , 11,000 -  26 ,000 in  f l u v i a t i l i s ; H a r d i s ty ,  I964 ) .
The egg number in  p l a n e r i  i s  f u r t h e r  red u ced  by a t r e s i a .  I t  i s
l i k e l y  t h a t  th e  f e c u n d i ty  of p l a n e r i  i s  l i m i t e d  by t h e i r  sm all  a d u l t  
s i z e ,  b o th  by p h y s ic a l  c a p a c i ty  and by th e  use  of some of th e  eggs 
as  a food  r e s e r v e  d u r in g  th e  n o n - fe e d in g  p e r io d .
There  i s  l i t t l e  d i f f e r e n c e  between th e  e c o lo g ie s  of f l u v i a t i l i s  
and p l a n e r i ; ammocoetes of b o th  a re  found t o g e th e r  in  th e  same banks, 
and p l a n e r i  have been q u i t e  f r e q u e n t ly  o bse rved  spawning in  f l u v i a t i l i s  
r e d d s .  A ttem pts  a t  'c o p u la t io n *  by p l a n e r i  males w i th  sm all  
f l u v i a t i l i s  fem ales  have been observed  b u t ,  as  f a r  as  i t  has been 
p o s s i b l e  t o  t e l l ,  th e s e  have been  u n s u c c e s s fu l  (Huggins and Thompson,
1970) .
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E. Methods of i d e n t i f i c a t i o n  of ammocoetes
The i d e n t i f i c a t i o n  of lamprey ammocoetes has o f te n  been 
p r o b le m a t i c a l ,  e s p e c i a l l y  w ith  re g a rd  to  th e  * p a i r e d - s p e c i e s *•
By ’ p a i r e d - s p e c i e s * i s  meant th o se  lampreys in  which a n o n - p a r a s i t i c  
form has been d e r iv e d  from a p a r a s i t i c  form and which s t i l l  c l o s e l y  
resem ble  each  o th e r  in  t h e i r  eco logy  and t h e i r  p h y s io lo g y  (G re a se r  
& Hubbs, 1922; L eg e r ,  1924; Hubbs, 1925; Hubbs & Trautman, 1937;
McDonald, 1958; Zanandrea , 1 9 5 9 b c ,H a rd is ty ,  1 9 6 0 a ,1 9 6 lb c ,1963, & 1970; 
P r i v o l 'n e v ,  1964; P o t t e r ,  1968a & b; P o t t e r ,  L anzing  and S t r a h a n ,  I968 ; ) .  
Many a t te m p ts  have been  made to  d i f f e r e n t i a t e  th e  ammocoetes of 
Lam petra p l a n e r i  and L. f l u v i a t i l i s  b u t  few a re  u s e f u l  when d e a l in g  
w ith  in d iv id u a l s  r a t h e r  than  sam ples .
1. ' B io lo g ic a l  d i f f e r e n t i a t i o n '
W eissenberg  ( 1925 , 1926 & 1927) concluded  t h a t  d i f f e r e n c e s  
between p l a n e r i  and f l u v i a t i l i s  were a t t r i b u t a b l e  to  d i f f e r i n g  modes 
of a d u l t  l i f e ,  as have P o t t e r , ( 1968a & b) and P o t t e r ,  L anzing  and 
S t r a h a n  ( 1968) in  th e  genus M ordacia .
H a rd is ty  (1944) found pure  p o p u la t io n s  of p l a n e r i  in  s tream s  
below a c e r t a i n  s i z e ,  a l th o u g h  pure  p o p u la t io n s  of f l u v i a t i l i s  
canno t be assumed a t  any s i t e  ( H a r d is ty ,  196lbc & 1969&)»
L en g th -f req u en cy  d i s t r i b u t i o n  a n a l y s i s  can be used  to  de te rm ine  
th e  i d e n t i f y  of p o p u la t io n s  in  some c a s e s ,  the  d u r a t io n  of l a r v a l  
l i f e  b e in g  5^  y e a r s  minimum in  p l a n e r i  and a t  l e a s t  one y e a r  l e s s  
i n  f l u v i a t i l i s  (H a r d is ty  I 96 I b ; H a r d is ty  & H uggins, 1970). A 
le n g th - f r e q u e n c y  curve  sh o u ld  th e r e f o r e  show a co r re sp o n d in g  number 
of p e a k s .
The d isa d v a n ta g e  of th e s e  e c o lo g ic a l  methods i s  t h a t  th e y  
m ust, of c o u r s e ,  be used  on samples a n d /o r  p o p u la t io n s  and be 
r e l a t e d  to  th e  s i t e  from which th e  sample was d e r iv e d .
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2 . E x te rn a l  morphology
Numberous a t te m p ts  to  f i n d  m orpho log ica l  d i f f e r e n c e s  between 
p a i r e d - s p e c i e s  ammocoetes have been l a r g e l y  u n s u c c e s s f u l .  W eissenberg  
( 1925) rev iew ed  LBnberg (1 8 9 3 ) ,  Berg ( 19O6 ) ,  Loman (1912) and R au th e r  
( 1924) and concluded  t h a t ,  up to  th e n  th e  ammocoetes of Lampetra 
p l a n e r i  and L. f l u v i a t i l i s  co u ld  n o t  be m o rp h o lo g ic a l ly  d i f f e r e n t i a t e d .
McDonald (1958) d i s t i n g u i s h e d  among th e  t h r e e  B r i t i s h  ammocoetes 
on th e  b ases  of th e  shape and p ig m e n ta t io n  of th e  cau d a l f i n ,  and th e  
p ig m e n ta t io n  of th e  b r a n c h ia l  a r e a .  W h ils t  th e s e  c r i t e r i a  may be 
r e l i a b l y  a p p l ie d  to  Petromyzon m arinus ammocoetes above a c e r t a i n  
s i z e ,  no e x t e r n a l  m orpho log ica l  c h a r a c t e r s  a r e  s u i t a b l e  f o r  i d e n t ­
i f y i n g  l a r v a l  f l u v i a t i l i s  and p l a n e r i .
Vladykov (1958) su g g e s te d  p ig m e n ta t io n  d i f f e r e n c e s  in  the 
tongue p r e c u r s o r  between the  two Lampet r a s  b u t  t h i s  o b s e rv a t io n  
has y e t  to  be con firm ed .
Lohnisky ( 1968) s u g g e s te d  t h a t  th e re  i s  so much in d iv id u a l  
m orpho log ica l v a r i a t i o n  in  L . p l a n e r i  t h a t  e x t e r n a l  c r i t e r i a  can 
n ev e r  be s u c c e s s f u l l y  a p p l ie d  to  the  genus L am petra . However, 
i t  i s  p o s s ib le  t h a t  a deep a n a l y s i s  of e x t e r n a l  m orpho log ica l 
p a ram e te rs  may y e t  y i e l d  u s e f u l  r e s u l t s  on la rg e  samples i f  th e  
p r i n c i p l e s  of num erica l  taxonomy be a p p l ie d  a l th o u g h  t h i s  would 
a t  b e s t  g iv e  on ly  a  p r o b a b i l i t y  of i d e n t i t y  (Mayr, 19&5; S o k a l ,
1966; Sokal and S n e a th ,  1963; Smirnov, 1968; O u e le t te  & Q ad r i ,  I 968) ,
3* I n t e r n a l  morphology
W eissenberg  (1925 & 1926) d i s t i n g u i s h e d  between th e  meta­
morphosing la rv a e  of p l a n e r i  and f l u v i a t i l i s  by means of the  f o r e g u t ,  
which i s  open f o r  a  p e r io d  in  f l u v i a t i l i s  b u t  no rm ally  c lo s e d  in  
p l a n e r i . D e ta i l e d  d e s c r i p t i o n s  of the  changes i n  t h i s  r e g io n  a r e  
g iv en  by K e ib e l  (1927) and K ra e n tz e l  (1955)* However, i t  i s
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p o s s i b l e  t h a t  th e  fo r e g u t  i s  open in  p l a n e r i  more f r e q u e n t ly  th an  
W eissenberg  (1925 & 1926) s u g g es ted  ( H a r d i s ty ,  P o t t e r  & S tu rg e ,  1970), 
e s p e c i a l l y  as t h i s  c h a r a c t e r i s t i c  i s  n o t  always found in  o th e r  non- 
p a r a s i t i c  sp e c ie s  (Gage, 1928),
A ttem pts  to  i d e n t i f y  ammocoetes u s in g  co u n ts  of mytome 
numbers have been more s u c c e s s f u l .  Hubbs and Trautman (1937) and 
Raney (1941) have d e v ise d  keys f o r  th e  i d e n t i f i c a t i o n  of ammocoetes 
of the  genus Ichthyomyzon u s in g  t h i s  c h a r a c t e r .  C o tro n e i  (1927a & b ) ,  
Vladykov (1 9 5 5 ) ,  Vladykov and F o l l e t t  (1958) and Zanandrea ( 1957a) 
found no s i g n i f i c a n t  d i f f e r e n c e  in  th e  inytome numbers of the  two 
lam preys, p l a n e r i  and f l u v i a t i l i s . H a r d is ty  ( l 9 6 l c )  found th a t  
th e  ranges  o v e r la p p e d .  McDonald (1958) r e p o r t e d  c l e a r  d i f f e r e n c e s  
w i th  no o v e r la p  in  numbers of mytomes and a l th o u g h  h i s  r e p o r t  was 
perhaps  o v e r o p t i m i s t i c ,  i t  i s  p o s s ib le  t h a t  some in d iv id u a l s  a t  
th e  extrem es of the  range may be i d e n t i f i e d  u s in g  t h i s  c h a r a c t e r .
Average oocyte  numbers in  the  l a r v a l  ovary a re  d i f f e r e n t  
in  p l a n e r i  from th o se  in  f l u v i a t i l i s , a l th o u g h  th e r e  i s  o v e r la p  of 
th e  ranges  of numbers (W eissenberg , 1927; Z anand rea ,  1959b) and 
H a r d i s ty ,  19609 196 lc ,  I 965 & I 964) .  I n d iv i d u a l  female ammocoetes 
above a c e r t a i n  low minimum s i z e  (ab o u t 40mm) can in  most c a se s  be 
i d e n t i f i e d  by t h i s  means. W eissenberg  (1925) r e p o r te d  and 
confirm ed  an o b s e rv a t io n  by Benecke ( I 88O) t h a t  newly metamorphosed 
f l u v i a t i l i s  have s m a l le r  oocy tes  than  p l a n e r i  a t  th e  same s t a g e ,  
a l th o u g h  oocyte s i z e s  a r e  i d e n t i c a l  a t  m etam orphosis .  However, 
m acrophthalm ia  can more e a s i l y  be d i s t i n g u i s h e d  by e x t e r n a l  
c h a r a c t e r s  ( H a r d is ty ,  P o t t e r  & S tu rg e ,  1970).
W eissenberg  (1927) a l s o  d i s t i n g u i s h e d  th e  ammocoetes on th e  
b a s i s  of th e  s i z e  and number of t e s t i s  f o l l i c l e s  b u t  t h i s  has n o t  
been  confirm ed  ( H a rd is ty ,  1970).
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These d ia g n o s t i c  c h a r a c t e r i s t i c s  can o c c a s io n a l ly  be used  
w ith  c e r t a i n t y  b u t  s e ld o m , i f  e v e r ,  in  a mixed p o p u la t io n  of p l a n e r i  
and f l u v i a t i l i s , e s p e c i a l l y  f o r  th e  i d e n t i f i c a t i o n  of i n d i v id u a l  
a n im a ls .  In  some c irc u m s ta n c e s  i n d i v id u a l s  can be p o s i t i v e l y  
i d e n t i f i e d  by h i s t o l o g i c a l  o r  s i m i l a r  methods b u t  th e se  a r e  a p p l i ­
cab le  only  to  l i m i t e d  p e r io d s  of the  l i f e  h i s t o r y  and in  th e  c a se  of 
oocyte numbers, only to  th e  fe m a le s .  I f  th e  i d e n t i f i c a t i o n  in v o lv es  
th e  d e a th  of th e  an im a l ,  t h i s  o f t e n  p re c lu d e s  com para tive  p h y s io lo g i c a l  
i n v e s t i g a t i o n s .
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F, The immune resp o n se  of lampreys
Immunological competence i s  c h a r a c t e r i s e d  by a  s e r i e s  of 
re sp o n ses  to  f o r e ig n  m a te r i a l s  ( a n t ig e n s )  in  which s p e c i f i c  
su b s ta n c e s  ( a n t i b o d ie s )  t h a t  combine w i th  th e  a n t ig e n  a re  p roduced . 
To be d e f in e d  as  im m unoligca lly  com peten t,  an organism  m u s t : -
i . p o s se ss  gam m a-globulins, some f r a c t i o n s  of which a r e  produced  
as  c i r c u l a t i n g  a n t ib o d y .
i i .  be cap a b le  of r e j e c t i n g  hom ograf ts ,  i . e .  g r a f t s  of t i s s u e  
from n o n - r e l a t e d  an im als  of the  same s p e c i e s .
i i i .  show d e lay ed  h y p e r s e n s i t i v i t y ,  i . e .  an a l l e r g i c  r e a c t i o n .
i v .  show e i t h e r  an anam nestic  re sp o n se  to  a  second exposure  to  
an a n t ig e n  o r  to  a second s e t  hom ograf t .  (= im m unological memory.)
( F in s t a d  & Good, I 966 . )
I t  i s  u n l i k e ly  t h a t  any i n v e r t e b r a t e  i s  t r u l y  im m unologically  
com peten t .  Cooper ( I 968 & 1969) has shown hom ograft r e j e c t i o n  in  
earthw orm s, and S tephens (1959) has induced  a s p e c i f i c  p r o t e c t i v e  
re sp o n se  in  th e  moth. G a l l e r i a  m e l l o n e l l a , to  b a c t e r i a l  s t r a i n s ,  
b u t  th e  m a jo r i ty  of i n v e r t e b r a t e  p r o t e c t i v e  mechanisms seem to  be 
n o n - s p e c i f i c  in v o lv in g  p h a g o c y to s i s ,  e n c a p s u la t i o n  o r  i n t r a - c e l l u l a r  
d i g e s t i o n  (Good & P ap e rm a s te r ,  1964) .
P ap e rm a s te r ,  Condie , F in s t a d  and Good ( 1964) i n v e s t i g a t e d  
th e  immune re sp o n se  of the  h a g f i s h ,  P o ly s to t re m a  s t o u t i , an found 
no ev idence  o f  immunocompetence b u t  Hildemann and Thoenes ( l9 6 9 ) j  
k eep in g  h a g f i s h  under more n a t u r a l  c o n d i t i o n s ,  found t h a t  they  
p roduced  a g g l u t i n i n  to  sheep e r y t h r o c y t e s ,  and re c o g n is e d  and 
r e j e c t e d  hom ografts  w i th  a red u ce d  s e c o n d -s e t  g r a f t  r e j e c t i o n  t im e .
Lampreys have lymphoid t i s s u e  in  th e  p r o t o v e r t e b r a l  a rc h  
o r  ' f a t  body* (= p r i m i t i v e  bone marrow), and some lymphoid c e l l s  
in  th e  m ain ly  e p i t h e l i a l  p ro to s p le e n  (Good, F in s t a d ,  P o l l a r a  and 
G a b r ie l s e n ,  I 966) .  The lampreys were a l s o  shown by th e s e  a u th o rs
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to  have serum gam m a-globulins .
N e i th e r  Bovine Serum Albumin no r  Bovine Gamma G lo b u lin  i s  
c l e a r e d  from the  c i r c u l a t i o n ,  and b a c te r io p h a g e  i s  c l e a r e d  only 
by some in d iv id u a l  lampreys ( F in s ta d  and Good, 1964) .  D uring  
th e s e  ex p e r im en ts ,  no a n t ib o d y  to  th e se  th r e e  a n t ig e n s  was found 
b u t  a d e f i n i t e  a g g l u t i n i n  to  k i l l e d  B r u c e l la  a b o r tu s  was produced 
which seemed s p e c i f i c .  A second exposure  to  B. a b o r tu s  induced  
a  seco n d a ry ,  more r a p i d  re sp o n se  p ro duc ing  more a n t ib o d y .  P o l l a r a ,  
L itm an, F i n s t a d ,  Howell and Good (1970) o b ta in e d  h ig h  t i t r e  a g g lu t ­
i n a t i n g  s e r a  a g a i n s t  human *0' b lood  c e l l s .
Homografts were r e j e c t e d  w i th in  42 days ( F in s t a d  & Good, 19&4) 
w ith  a  much s h o r t e r  s e c o n d -s e t  r e j e c t i o n  t im e ,  u s u a l l y  f i v e  days or 
l e s s .  T e c h n ic a l ly  p e r f e c t  a u t o g r a f t s  were r e t a i n e d  i n d e f i n i t e l y  
( F in s t a d  & Good, I966) .
I n j e c t i o n  of F re u n d 's  com plete a d ju v a n t  c o n ta in in g  Mycobact­
e rium  tu b e r c u lo s i s  p roduced  n e c r o t i s i n g  l e s i o n s ;  a d m in i s t r a t i o n  of 
o ld  t u b e r c u l i n ,  29 days a f t e r  the  i n i t i a l  F .C .A . i n j e c t i o n  produces 
an in flam m atory  a l l e r g i c  re sp o n se  ( F in s t a d  and Good, I964  & 1966).
A, Cooper ( 1967) p a r a l l e l e d  th e se  i n v e s t i g a t i o n s  of lamprey 
a d u l t s ,  u s in g  ammocoetes^ and o b ta in e d  s i m i l a r  r e s u l t s  v i v o . He 
a l s o  t e s t e d  lymphocyte immunocompetence _in v i t r o  and found t h i s  to  
be g r e a t e r  th a n  th e  whole anim al re sp o n se  s u g g e s te d ;  co n c lu d in g  
t h a t  th e  method of p r e s e n t a t i o n  of a n t ig e n s  and t h e i r  r e c o g n i t i o n  
i s  more im p o r tan t  in  Cyclostomes th an  in  h ig h e r  v e r t e b r a t e s .
The l e v e l  of im munological competence in  lampreys i s  low 
when compared w ith  t h a t  of mammals b u t ,  n o n e th e le s s ,  a l l  e lem en ts  
of the  immune re sp o n se  a r e  p r e s e n t .
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I I .  MATERIALS AND METHODS
A. I n t r o d u c t io n
1. The advan tages  of immunology in  taxonomy
"A n tib o d ie s  formed by the  s t im u lu s  of a g iv e n  a n t ig e n  u s u a l l y  
do n o t  ré;act w i th  o th e r  a n t ig e n s  u n le s s  th e s e  a n t ig e n s  a re  c l o s e l y  
r e l a t e d . "  (O u ch te r lo n y ,  1958). This  s p e c i f i c i t y  i s  the  b a s i s  of 
a l l  im munological t e s t s .
G rabar and W illiam s (1955) s t a t e d  t h a t  immunochemical 
r e a c t i o n s  a re  of p a r t i c u l a r  i n t e r e s t  because  t h e i r  s e n s i t i v i t y  and 
s p e c i f i c i t y  a re  much g r e a t e r  th a n  th o se  of th e  v a s t  m a jo r i ty  of 
chem ica l o r  p h y s ic a l  t e s t s .  Immunology a p p l i e d  to  the  problems 
of taxonomy i s  of s p e c i a l  v a lu e  b eca u se ,  as s t a t e d  by Owen, S torm ont
and I rw in  (1947)» ”  the  c e l l u l a r  a n t ig e n s ,  w ith o u t  known e x c e p t io n ,
a r e  gene c o n t r o l l e d ,  th e  immunological te ch n iq u e s  p ro v id e  a b a s i s  
f o r  a  g e n e t ic  a n a l y s i s  of s p e c ie s  s i m i l a r i t i e s  and d i f f e r e n c e s  
even when h y b r id i z a t i o n  i s  im p o s s ib le ."  That b lo o d  c e l l  a n t ig e n s  
a r e  g e n e t i c a l l y  c o n t r o l l e d  in  th e  Columbidae was shown by Cumley 
and I rw in  (1944) and in  ch ickens  by B r i l e s ,  McGibbon and I rw in  (1950)*
Many w orkers have used  immunology as a t o o l  to  i n v e s t i g a t e  
the  r e l a t i o n s h i p s  of a n im a ls ,  p l a n t s  and m ic ro -o rg an ism s ,  from 
i n t r a s p e c i f i c  and r a c i a l  l e v e l s ,  to  O rders  and even C la s s e s .
N u t t a l l  ( 1901) was th e  f i r s t  to  app ly  immunology to  taxonomic work.
He used  whole b lood  as  an a n t ig e n  to  i n v e s t i g a t e  the  r e l a t i o n s h i p s  
among f a m i l i e s  of P r im a te s ,  among s e v e r a l  s p e c ie s  of C an idae ,  and 
among b o v in e ,  ovine and equ ine  h e r b iv o r e s .
Boyden (1933) i n v e s t i g a t e d  some am phibian s p e c i e s ,  and 
Gemeroy (1943) used  a r i n g  t e s t  te ch n iq u e  to  d i f f e r e n t i a t e  among 
31 s p e c ie s  of f i s h .  On the  b a s i s  of h i s  r e s u l t s ,  he s u g g e s te d  
t h a t  some h i t h e r t o  a c c e p te d  p h y lo g e n e t ic  r e l a t i o n s h i p s  were n o t  as
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c lo s e  as  had been supposed .
Cumley and I rw in  (1944) were a b le  to  c o r r e l a t e  the  occu rrence  
of b lo o d  a n t ig e n s  w i th  g e o g ra p h ic a l  range  and t h e r e f o r e  p o s s i b l e  
l i n e s  of phylogeny in  the  genus Columba. Manski, H a l b e r t ,  A uerbach- 
P a s c a l  and J a v i e r  (19&7) have in v e s t i g a t e d  phylogeny in  th e  C la sse s  
of low er v e r t e b r a t e s  u s in g  o c u la r  le n s  p r o t e i n  as  an a n t i g e n .
R ep o r ts  of i n t r a s p e c i f i c  d i f f e r e n c e s  in  a n t ig e n  system s i n v e s t ­
i g a te d  im m unolog ica lly  a re  many. The c l a s s i c a l  work o f  L a n d s te in e r  
( 1900) ,  who i n v e s t i g a t e d  human a g g l u t i n i n s ,  l a i d  th e  b a s i s  of b lo o d  
g ro u p in g .  S im i la r  b lood  group system s have been  found in  C lupea 
harengus (Sinderm ann and M a irs ,  1959) and in  c a t t l e  by Owen, S torm ont 
and I rw in  (1 9 4 7 ) .  Cumley and I rw in  (1943) d e t e c t e d  v a r i a t i o n s  in  
human s e r a .
From th e s e  examples i t  can be seen  t h a t  immunology has 
g r e a t  p o t e n t i a l  in  e l u c i d a t i n g  s u p ra -  and s u b - s p e c i f i c  d i f f e r e n c e s .  
Where a s i n g l e ,  p u re ,  a n t ig e n  i s  used  th e  re sp o n se  i s  a l l  o r  none; 
an a n t is e ru m  to  a r e l a t e d  a n t ig e n  e i t h e r  r e a c t s  w i th  th e  f i r s t  
a n t ig e n  o r  i t  does n o t .  Most m a te r i a l s  used  in  th e s e  s t u d i e s ,  
however, com prise a n t ig e n  system s and th e  p o s s i b i l i t y  of f in d in g  
v a ry in g  numbers of a n t ig e n s ,  common to  some s p e c ie s  and n o t  to  o th e r s  , 
g r e a t l y  enhances the  degree  of s e n s i t i v i t y  of im munological t e s t s .
The m a jo r i ty  of a n t ig e n s  a re  p r o t e i n s  and a l l  p r o t e i n s  
excep t a v ery  few w ith  low m o lecu la r  w eigh ts  a r e  a n t i g e n i c .  The 
i n i t i a l  cho ice  of m a te r i a l  i s  t h e r e f o r e  v e ry  w ide .  Any s in g le  
m a te r i a l  o r  e x t r a c t  i s  w ith o u t  f u r t h e r  p u r i f i c a t i o n ,  l i k e l y  to  
c o n ta in  s e v e r a l  a n t ig e n s  and th u s  a l lo w  th e  p o s s i b i l i t y  of d e t a i l e d  
i n v e s t i g a t i o n s .
For t h i s  s tu d y  a  m a te r i a l  was needed t h a t  co u ld  be o b ta in e d  
from w hole, l i v e  an im als  and t h a t  co u ld  perhaps  be c o l l e c t e d  from
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s i n g l e  ammocoetes. For th e se  re a so n s  and o th e rs  g iv e n  in  th e  n ex t 
s e c t i o n ,  e x t e r n a l  mucus was th e  m a te r i a l  chosen .  Immunological 
t e c h n iq u e s ,  u s in g  mucus as an a n t ig e n ,  seemed w e l l  s u i t e d  to  t h i s  
purpose  as o th e r  methods were e i t h e r  l e s s  p o t e n t i a l l y  s e n s i t i v e  o r  
r e q u i r e d  too  much in  th e  way of m a te r i a l s  o r  equipm ent.
2 .  S e l e c t i o n  of a n t ig e n
The cho ice  of a n t ig e n  in  t h i s  s tu d y  was l i m i t e d  b o th  by th e  
n a tu re  o f  th e  an im als  and by th e  e x c lu s io n  of some p r o t e i n s  whose 
c h a r a c t e r i s t i c s  a re  u n s u i t a b l e  f o r  th e  re a so n s  r e p o r te d  below . I t  
was hoped t h a t  a method of i d e n t i f i c a t i o n  of l i v e  ammocoetes co u ld  
be deve loped  and so i t  was l o g i c a l  to  use an  a n t ig e n  t h a t  co u ld  be 
g a th e re d  in  u sab le  q u a n t i t i e s  w ith o u t  a d v e r s e ly  a f f e c t i n g  the  
ammocoetes.
Some of th e  m a te r i a l s  t h a t  have been used f o r  b ioch em ica l  
taxonomy, such as o c u la r  len s  p r o t e i n  (M anski, H a lb e r t ,  Auerbach- 
P a s c a l  and J a v i e r ,  I 967) and k idney  and l i v e r  e s t e r a s e s  (Nyman, I 963 ) 
a re  t h e r e f o r e  u n s u i t a b l e ,  however i d e a l  t h e i r  a n t ig e n i c  c h a r a c t e r i s t i c s
Sk in  t i s s u e  i s  a h ig h ly  complex a n t ig e n  system  and t h e r e f o r e  
not s u i t a b l e  f o r  r a i s i n g  a n t i s e r a  a l th o u g h  sm a ll  p ie c e s  of f i n  
t i s s u e  can  be taken  from a d u l t s ,  and p o s s i b ly  ammocoetes, w ith o u t  
ca u s in g  s e v e re  i n j u r y .  I t  would however, be i n c a p a c i t a t i n g  o r  even 
l e t h a l  to  sm a ll  ammocoetes i f  th e  amount of t i s s u e  n e c e s s a ry  were 
removed.
V arious b lood  p r o t e i n s  have f r e q u e n t ly  been used in  th e  
i n v e s t i g a t i o n  of taxonomic r e l a t i o n s h i p s .  In  most ca se s  i t  i s  
p o s s ib le  to  c o l l e c t  a u s e f u l  volume of b lood  w ith o u t  k i l l i n g  th e
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th e  animal b u t  t h i s  has proved im p o ss ib le  in  lam preys .  T o ta l  
b lood  volume in  ammocoetes i s  v e ry  sm all  and even d e c a p i t a t i o n  y i e l d s  
only  v e ry  sm a l l  q u a n t i t i e s  ( l e s s  th an  0,1ml from a la rg e  ammocoete). 
The b lood  of spawning a d u l t  and a l l  lampreys to  some e x t e n t ,  c l o t s  
q u ic k ly  and h e p a r i n i s a t i o n  fo llo w ed  by d e c a p i t a t i o n  has been n e c e ss a ry  
to  c o l l e c t  as  much as 2.0ml from an a d u l t  f l u v i a t i l i s .
I f  t h i s  d i f f i c u l t y  of c o l l e c t i o n  c o u ld  be overcome and l i v e  
an im als  made to  y i e l d  s u f f i c i e n t  q u a n t i t i e s ,  i t  i s  p o s s ib le  t h a t  
some b lood  p r o t e i n s  cou ld  be u sed .  However, from the  work of th e  
au th o rs  r e p o r t e d  below i t  i s  c l e a r  t h a t  no b lood  p r o te i n s  so  f a r  
i n v e s t i g a t e d  have the  r e q u i s i t e  s p e c i f i c i t y .
E le c t r o p h o r e s i s  of haem oglobins has o f te n  been used  in  f i s h  
taxonomy and in  some s p e c ie s  th e  haem oglobins a r e  s p e c i e s - s p e c i f i c .  
They a re  s p e c i f i c  i n  most Oncorhynchus s p e c ie s  ( P a c i f i c  salmon) 
(T suyuk i,  R o b e r t s ,  Vanstone and M ark e r t ,  19^5) and a l s o  in  th e  
S corpaen idae  ( r o c k f i s h e s )  (T su y u k i,  R o b e r t s ,  Lowes, Hadaway and 
Westrheim, I 968 ) .  One genus of th e  S co rp a e n id a e ,  S e b a s to d e s , i s  
com prised of a  l a rg e  number of s p e c i e s ,  most of which a r e  morphol­
o g ic a l l y  v e ry  s i m i l a r ,  bu t i t  has proved  p o s s i b l e  to  d i s t i n g u i s h  
among them by means of t h e i r  haem oglobin e le c t ro p h o re to g ra m s  
( B a r r e t ,  Jo seph  and Moser, I966) .  However, lampreys do no t seem 
to  p o sse ss  s p e c i e s - s p e c i f i c  haem oglob ins ,  Manwell ( I 963) and 
Uthe & Tsuyuki (19&7) found t h a t  ammocoetes of two s p e c ie s  from 
d i f f e r e n t  g e n e ra ,  Ichthyomyzon u n ic u s p i s  and Petromyzon m a r in u s , 
gave the  same e l e c t r o p h o r e t i c  p a t t e r n  w hile  P o t t e r  and N ico l  ( 1968) 
found t h a t  th e  p a t t e r n  in  M ordacia mordax was the  same as t h a t  in  
M. p ra e c o x .
A no ther d is a d v a n ta g e  of haem oglobins in  taxonomy i s  t h a t  
even when s p e c i e s - s p e c i f i c ,  they  o f t e n  show c o n s id e ra b le  i n t r a ­
s p e c i f i c  polymorphism. Some members of th e  S co rpaen idae  show
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haem oglobin polymorphism (Tsuyuki £ t  I 968 ) ,  as do th e  s p r a t ,
S p r a t t u s  s p r a t t u s , (W ilk ins  & l i e s ,  I 966) and v a r io u s  gado ids  (S ic k ,
1961 ; F rydenberg , M j/lle r ,  N aevdal and S ic k ,  19&3)*
Serum t r a n s f e r r i n s ,  c l o s e l y  r e l a t e d  to  haem oglobins , show 
polymorphism in  the  c a rp ,  Cyprinus c a r p i 0 , (C r e y s s e l ,  S i lb e r z a h n ,  
R ic h a rd  and Manuel, I964) .  S ix  forms of t r a n s f e r r i n  have been 
found in  the  lam prey, Petromyzon m a rin u s , by W ebster and P o l l a r a  ( 1969)*
The h e r r in g ,  C lupea h a re n g u s , p o s s e s s e s  a b lood  group system  
b ased  on e r y th r o c y te  a n t ig e n s  s i m i l a r  to  t h a t  in  man (Sinderm ann & 
M airs ,  1939).
Lampreys in  f a c t ,  a r e  one of th e  few groups so f a r  i n v e s t i g a t e d  
t h a t  do n o t  show polymorphism of th e  t r u e  haem oglob ins .  Uthe and 
Tsuyuki ( I 967) have c l e a r l y  d em o n s tra ted  t h i s  in  Lampet r a  lam m ottei 
(= L. w i l d e r i ) ,  and P o t t e r  and N ic o l  ( I 968) found no ev idence  of 
haem oglobin polymorphism in  th e  th r e e  A u s t r a l i a n  s p e c ie s  of lam preys .
The o th e r  f e a t u r e  of taxonomic im portance of many haem oglobins 
i s  t h a t  th e y  change d u r in g  th e  l i f e  h i s t o r y .  This  haem oglobin 
s h i f t  i s  n a t u r a l l y  commonest in  f i s h e s  w i th  a major e c o lo g ic a l  
change d u r in g  t h e i r  l i f e  h i s t o r y  and i s  p ro b ab ly  a d a p t iv e .  A l l  
lampreys so f a r  i n v e s t i g a t e d  show major d i f f e r e n c e s  between the  
e l e c t r o p h o r e t i c  p a t t e r n s  of l a r v a l  and a d u l t  haem oglobins, f o r  example 
P .  m a r in u s , Ichthyomyzon u n ic u s p is  and L . lam m otte i i n v e s t i g a t e d  by 
U the, R o b e r t s ,  C la rk e  and Tsuyuki ( 1966) and Uthe and Tsuyuki (19&7);
L. p l a n e r i  by A d in o l f i  and C h i e f f i  (1958) and A d in o l f i ,  C h i e f f i  
and S i n i s c a l c o  (1959)» L . f l u v i a t i l i s  by A l l i s o n ,  C e c i l ,  Charlwood, 
G r a t z e r ,  Jacobs  and Snow ( 1960) ;  and M ordacia mordax, M. p raecox  
and G e o t r ia  a u s t r a l i s  by P o t t e r  and N ico l  ( 1968) .  Coho salm on, 
Oncorhynchus k i s u t c h , and sockeye salmon, 0 .  n e rk a , show changes
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a s s o c i a t e d  w ith  t h e i r  anadromous l i f e  h i s t o r i e s  (V anstone , R o b e r ts  
and T su y u k i,  I 964 ; T suyuk i,  R o b e r ts ,  V anstone & M a rk e r ts ,  1965) .
W ilk in s  and l i e s  ( 1966) found haemoglobin changes th ro u g h o u t th e  
l i f e  c y c le  of C lupea harengus a s s o c i a t e d  w i th  se x u a l  m a tu ra t io n  and 
even in c r e a s e  in  le n g th  and w e ig h t .
Thus, haem oglobins a re  n o t  s u i t e d  to  the  s tu d y  of taxonomic 
d i f f e r e n c e s  in  lam preys .  W h i l s t ,  u n l ik e  th o se  of th e  more advanced 
v e r t e b r a t e s ,  th e y  a r e  no t po lym orph ic ,  th ey  a re  n o t  s p e c i e s - s p e c i f i c  
and show m ajor o n to g e n ic  changes .
Serum p r o t e i n s  have been shown to  be s p e c i e s - s p e c i f i c  in  
some t u r t l e s  (Zweig^and Crenshaw, 1957) and in  some s p e c ie s  of 
n o r th  European Salmo by Nyman (19&5)« He a l s o  showed the  serum 
p r o t e i n s  to  be polym orphic in  many o th e r  s p e c i e s ,  e . g .  P e re a  and 
A bram is , as  d id  Ridgeway, Cushing and D u r a l l  (1958) in  Oncorhynchus 
n e r k a , Beckman (19&5) in  b i r d s  and S m ith ie s  (1955 & 1959) in  man.
The i n t r a - s p e c i f i c  v a r i a t i o n s  of the  serum p r o t e i n s  in  Coregonus 
s p e c ie s  (C har) a r e  such  t h a t  a c h a r a c t e r i s t i c  i n d i v id u a l  p a t t e r n  
i s  shown by each  f i s h  (Nyman, 19&5)* D uring  the  same i n v e s t i g a t i o n  
o n to g e n ic  changes of th e  serum p r o t e i n s  were found to  be common in  
p ik e ,  Esox l u c i u s .
In  Petromyzon marinus t h e r e  a re  v a r i a t i o n s ,  e s p e c i a l l y  in  
the serum album in , a s s o c i a t e d  w ith  s ta g e s  in  th e  l i f e  h i s t o r y ,  
sex  d i f f e r e n c e s  and d i s e a s e  (Thomas & McCrimmon, 1964) .  Serum 
p r o t e i n s  t h e r e f o r e  have th e  same taxonomic d is a d v a n ta g e s  as  do 
haem oglob ins .
Muscle n^yogens a r e  e a s i l y  o b ta in e d  b u t  only fo l lo w in g  in j u r y  
o r  d e a th  o f  th e  a n im a l .  They a r e  s p e c i e s - s p e c i f i c  in  Oncorhynchus 
(T su y u k i,  R o b er ts  & V anstone , 19&5); i n  gado ids  and some f l a t f i s h  
(Cowie, 1968) .  V iswanathan and K rish n a  P i l l a i  (195&) compared
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d i f f e r e n t  s p e c ie s  of f i s h e s  from C a l i f o r n i a ,  and L i l l e v i k  and 
Schloem er ( 1961) d id  l ik e w is e  w i th  G rea t Lakes f a u n a s .  They found 
t h a t  th e  muscle myogens were s p e c i e s - s p e c i f i c ,  excep t between two 
c l o s e l y  r e l a t e d  S a r d i n e l l a  s p e c ie s  in  which V iswanathan and K rishna  
P i l l a i  ( 1936) r e p o r te d  eq u iv o ca l  r e s u l t s .  T suyuk i,  R o b e r t s ,  Lowes, 
Hadaway and Westrheim ( I 968) found t h a t  myogens in  th e  S co rpaen idae  
were s p e c i e s - s p e c i f i c  and polym orphic in  fo u r  gen era  b u t  no t in  th e  
f i f t h  g en u s .
U n fo r tu n a te ly ,  lamprey myogens do n o t  ap p ea r  to  be s p e c i e s -  
s p e c i f i c ,  Uthe and Tsuyuki ( I 967) f in d in g  th e  same e l e c t r o p h o r e t i c  
p a t t e r n  in  Ichthyomyzon u n ic u s p is  and Lampetra lam m otte i b o th  as 
ammocoetes and a d u l t s .
None of th e  p r o t e i n s  commonly used  in  e l e c t r o p h o r e t i c  taxonomy 
seemed s u i t a b l e  t h e r e f o r e ,  as  an a n t ig e n  in  t h i s  s tu d y .
As m entioned above, a lm ost a l l  a n t ig e n s  a r e  p r o t e i n s .  A l l  
anim al t i s s u e s  and s e c r e t i o n s  so f a r  t e s t e d  c o n ta in  p r o t e i n  and so 
the  c h o ice  of a n t ig e n  was no t f o r  t h i s  re a s o n  r e s t r i c t e d .  E x te rn a l  
mucus was chosen as b e ing  th e  on ly  m a te r i a l  r e a d i l y  a v a i l a b l e  from 
l i v e  a n im a ls .  A lthough i t  i s  no t produced by lampreys in  such 
q u a n t i t i e s  as  in  th e  Myxinoids ( S t r a h a n ,  1959)* th e  lampey i s  a 
s lim y  a n im a l .  When a d u l t  m arinus a re  h a n d le d ,  t h i s  q u a l i t y  i s  
r e a d i l y  a p p r e c ia te d  and i t  was hoped t h a t  even ammocoetes, i f  
s u i t a b l y  s t im u la t e d ,  co u ld  be made to  y i e l d  enough mucus to  use 
as an a n t ig e n .
A lthough o th e r  su b s ta n c e s  can  be a n t i g e n i c ,  i t  i s  p ro b ab ly  a 
f a i r  g e n e r a l i s a t i o n  t h a t  the  s u i t a b i l i t y  of a m a te r i a l  as a good 
a n t ig e n  r e s t s  upon i t s  p r o t e i n  c o n te n t ,  n o n - t o x i c i t y  and g e n e ra l  
*i n j e c t i o n a b l e ' q u a l i t i e s  a n d , e s p e c i a l l y  in  immunotaxonomy, i t s  
s p e c i f i c i t y .
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The p r o t e i n  c o n te n t  of e x t e r n a l  f i s h  mucuses has been  found 
to  be g e n e r a l ly  h ig h ,  W ess le r  and Werner (1957) gave ran g es  of 
n i t r o g e n  c o n te n t  (by K je ld a h l  a n a ly s e s )  from 1 5 » ^  in  th e  cod , Gadus 
c a l l i a r i s , to  12,7% in  th e  r a y .  R a ja  s p . ,  w h i l s t  Myxine mucus had a 
n i t r o g e n  c o n te n t  of 13*6% ( n i t r o g e n  c o n te n t  of l6% i s  e q u iv a le n t  to  
100% p r o t e i n ) .  B olognani and B o lo g n a n i-F a n tin  (19&3) r e p o r t e d  on 
th e  mucus of the  e e l ,  A n g u i l l a  a n g u i l l a , and found a  s i a l i c  a c id  
c o n te n t  of 1 0 3 ^ g  and a hexosamine c o n te n t  of 1171/Ug p e r  lOOmg 
of d r i e d  mucus. F e r ry  ( l 9 4 l )  i s o l a t e d  a s o lu b le  p r o t e i n  from the  
mucus of P o l j s to t r e m a  s t o u t i  ( h a g f i s h ) ,  w ith  a y i e l d  of 3% of th e  
accompanying f ib r o u s  p r o t e i n .
The o th e r  p r i n c i p a l  component of e x t e r n a l  f i s h  mucus i s  
com prised  of v a r io u s  p o ly s a c c h a r id e s .  These have been i n v e s t i g a t e d  
by Enomoto and Tomiyasu ( l9 6 0 a  & b) and Enomoto, Nagao and Tomiyasu 
( 1961) in  the  lo a c h ,  M isgurnus; th e  conger e e l ,  A s t ro c o n g e r ; th e  
e e l ,  A n g u i l l a  and th e  r a y .  R a j a : by Bolognani and B o lo g n a n i-F a n tin
( 1963) in  A n g u i l l a  and by W ess le r  and Werner (1957) in  v a r io u s  s e a -  
and f r e s h - w a te r  f i s h e s .  I t  i s  im probab le ,  b u t  n o t  im p o ss ib le ,  
t h a t  th e se  p o ly s a c c h a r id e s  and g ly c o p ro te in s  (m ain ly  hexoses and 
hexosam ines) a r e  a n t i g e n i c ,  as  an in c r e a s in g  number of p o ly s a c c h a r id e s  
has been found to  be s o .
I t  was p o s s ib le  t h a t  lamprey mucus would be to x i c  to  r a b b i t s  
b u t  f o r t u n a t e l y  t h i s  was n o t  th e  c a s e .  I t  i s  l i k e l y  t h a t  i t  i s  
d i s t a ^ e f u l  to  p r e d a to r s  and a n t i b i o t i c  p r o p e r t i e s  f o r  f i s h  mucus 
have been  s u g g e s te d  by Jakowska (19&3), Mucus has p roved  to  be 
s p e c i e s - s p e c i f i c  where t h i s  has been i n v e s t i g a t e d .  O’Rourke (1959) 
and B arry  and O’Rourke (1959) used  p ap e r  chrom atography w ith  
e x t e r n a l  f i s h  mucus to  d i s t i n g u i s h  between the  p o l l a c k ,  Gadus
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p o l l a c h i u s , and th e  c o a l f i s h ,  G. v i r e n s ; and a l s o  between th e  Norway 
haddock, S e b a s te s  m a r in u s , and S .  m e n te l l a , two s p e c ie s  of th e  fam ily  
S c o rp a e n id a e ,  a l r e a d y  n o te d  f o r  i t s  taxonomic c o m p le x i ty .  The 
mucuses of th e s e  fo u r  f i s h e s  a re  s p e c i e s - s p e c i f i c .
O’Rourke ( 1961) found serum p r o t e i n s  in  e x t e r n a l  f i s h  mucuses 
and s u g g e s te d  th a t  t h i s  might accoun t f o r  th e  s p e c i f i c i t y  of the  mucus 
and p o s s i b ly  p ro v id e  a mechanism f o r  th e  r e c o g n i t i o n  of p rey  by 
s p e c i f i c  f i s h  p r e d a t o r s .  Enomoto and Tomiyasu ( l 960a & b) and 
Enomoto, Nagao and Tomiyasu ( 196I )  found s l i g h t  d i f f e r e n c e s  in  the  
amino a c id s  and hexose c o n te n ts  of th e  mucus from v a r io u s  s p e c ie s  
of f i s h e s .
A g e n e ra l  advan tage  of th e  use of mucus as an a n t ig e n  i s  i t s  
u b i q u i t y .  "Mucus i s  a s e c r e t i o n  t h a t  occurs  a lm ost u n i v e r s a l l y  in  
th e  an im al kingdom" (Jakow ska, I963)* Almost a l l  f i s h e s  s e c r e t e  
e x t e r n a l  mucus and a l l  an im als  have mucoids in  some form in  t h e i r  
b o d ie s .  There was th e  p o s s i b i l i t y  t h e r e f o r e ,  t h a t  th e  cho ice  of 
mucus as  an a n t ig e n  might enab le  an i n v e s t i g a t i o n  of the  r e l a t i o n s h i p s  
of th e  Cyclostomes w ith  o th e r  g ro u p s .
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B. C o l l e c t io n  of lampreys and f i e l d  w ork.
1. Ammocoetes
Lamprey ammocoetes used  in  t h i s  s tu d y  were u s u a l l y  
caught a f t e r  they  had been s tu n n ed  w i th  an e l e c t r i c  sh o ck er  (Marine 
E l e c t r i c s  C y b e r t ro n ic  Mark 10 Mini T ra w l) .  The p l a t e  e l e c t r o d e  
was pushed  i n t o  the  mud of a  bank l i k e l y  t o  c o n ta in  ammocoetes, 
and th e  n e t  e l e c t r o d e  u sed  a t  d i s t a n c e s  of up to  s i x  f e e t .  Banks 
were f i s h e d  w orking ups tream  to  av o id  c lo u d in g  th e  w a te r .  The 
ammocoetes emerged from th e  mud in  a  sem i-s tu n n e d  c o n d i t io n  and were 
n e t t e d  as  th e y  r e v iv e d  and began to  swim away. A few c o l l e c t i o n s  
were made by scoop ing  up mud l i k e l y  to  c o n ta in  ammocoetes w i th  a 
n e t  and th e  mud was s o r t e d  th rough  on th e  bank .
C o l l e c t io n s  were u s u a l ly  made d u r in g  th e  Summer a l th o u g h  one 
c o l l e c t i o n  was made d u r in g  a v e ry  c o ld  p e r io d  in  J a n u a ry  b u t  i t  was 
on ly  p a r t l y  s u c c e s s f u l .  I t  i s  p o s s i b le  t h a t  in  c o ld  w e a th e r ,  th e  
ammocoetes burrow more deep ly  and a r e  too  s tu n n ed  by th e  e l e c t r i c  
shocks to  re a c h  th e  s u r f a c e  of th e  mud.
Ammocoetes were p la c e d  i n t o  p l a s t i c  boxes c o n ta in in g  i c e -  
co o le d  w a te r  f o r  t r a v e l l i n g  and on a r r i v a l  were t r a n s f e r r e d  to  tan k s  
in  a c o o l ,  c o n s ta n t  te m p era tu re  aquarium  w ith  a e r a t i o n .  The 
te m p e ra tu re  in  the  aquarium  was u s u a l l y  8°C excep t d u r in g  th e  spawning 
seaso n  when i t  was r a i s e d  to  ll^C  to  h a s te n  s e x u a l  m a tu ra t io n  of 
metamorphosed a d u l t s .  The sand  s u b s t r a t e  in  th e  ta n k s  grew some 
a lg a e  b u t  no a d d i t i o n a l  food  was g iv e n .  Ammocoetes k ep t thus  
s u rv iv e  w e ll  and w i l l  metamorphose.
Lampetra p l a n e r i  ammocoetes were c o l l e c t e d  from th e  Ober Water 
and B lack w a te r  r i v e r  in  th e  New F o r e s t ,  th e  r i v e r  Wylye n e a r  
W arm inster ( W i l t s h i r e ) ,  th e  Afon Gwydderig ( a  sm all  t r i b u t a r y  of 
th e  r i v e r  Tywi in  South  W ales) ,  and the  r i v e r  Honddu ( a  t r i b u t a r y
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of the  r i v e r  Usk n e a r  Brecon in  W a le s ) .  No a d u l t  L. f l u v i a t i l i s  
has been found in  th e s e  s tream s and le n g th - f r e q u e n c y  d i s t r i b u t i o n  
a n a ly s e s  of ammocoete p o p u la t io n s  su g g e s t  pure  L, p l a n e r i  p o p u la t io n s  
( H a r d i s ty ,  I 961) .
L> f l u v i a t i l i s  ammocoetes were caugh t a t  B ra n s fo rd  Bridge 
on the  r i v e r  Teme from s i t e s  which were shown to  c o n ta in  m ain ly
L. f l u v i a t i l i s  w ith  a sm a ll  number of Petromyzon m arinus ammocoetes
(H a rd is ty  & H uggins, 1970).
' P .  marinus ammocoetes were c o l l e c t e d  from v a r io u s  s i t e s
on th e  r i v e r  Tawe (Devon) and th e  r i v e r  Teme a t  B ra n s fo rd  B rid g e .
As s t a t e d  above, l a r g e  ammocoetes of t h i s  s p e c ie s  can  be e a s i l y  
i d e n t i f i e d  by t h e i r  cauda l  p ig m e n ta t io n .
2 . A d u lts
Most of the  a d u l t  L , f l u v i a t i l i s  u sed  were caugh t d u r in g  
t h e i r  ups tream  m ig ra t io n  from O ctober to  March in  a t r a p  s e t  below 
Tewkesbury w e ir  on the  r i v e r  Severn  by th e  R iv e r  Board B a i l i f f .
The rem ainder  were caugh t on t h e i r  spawning grounds a t  A shford  
Carbone1 on th e  r i v e r  Teme and below Shrew sbury w e ir  on the  r i v e r  
Severn ,  They were k ep t  in  w ire  cages in  a  pond a t  th e  U n iv e r s i t y ,
A du lt  L. p l a n e r i  and P .  m arinus were caugh t on t h e i r  spawning 
grounds a f t e r  th e  o b s e rv a t io n  and f i lm in g  of t h e i r  spawning behav iou r ,  
A dult L. p l a n e r i , a l l  s e x u a l ly  m a tu re ,  were n e t t e d  in  March o r  A p r i l  
on g r a v e l  beds in  th e  New F o r e s t  s t re a m s ;  th e  r i v e r  B lackw ate r  a t  
Queen’s Bower and Warwick S la d e ,  the  Ober W ater a t  B o ld re fo rd  B ridge  
and the  H igh land  W ater in  B urley  Lodge Walk, They were t r a n s p o r t e d  
in  th e  same way as  th e  ammocoetes and were k e p t ,  w i th  o th e rs  t h a t  
had a t t a i n e d  s e x u a l  m a tu r i t y  in  th e  aquarium  in  a  g l a s s  w a l le d  ta n k
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f o r  o b s e rv a t io n  and f i lm in g  of spawning b e h a v io u r .
A du lt  P .  marinus were caught in  June and J u ly  a t  o r  n e a r  
t h e i r  spawning grounds b u t  u n l ik e  L. p l a n e r i  many s e x u a l ly  immature 
a d u l t s  were found . P .  m arinus a d u l t s  a r e  n o t  e a s i l y  cau g h t ;  t h e i r  
s i z e  makes n e t t i n g  d i f f i c u l t ,  they  a re  wary, and the  immature in d i v id ­
u a l s  a r e  e s p e c i a l l y  pow erfu l when compared w i th  the  spawning a d u l t s .
The b e s t  method of c a t c h in g  them was by hand . A f te r  a  c a r e f u l  
app roach ,  th e  lamprey was g rasp ed  q u ic k ly  and v e ry  f i r m ly  w ith  bo th  
hands, one around  th e  m iddle and one around th e  g i l l  r e g io n ,  and 
thrown in t o  a l a rg e  n e t  h e ld  by an a s s i s t a n t .  Aqualungs and w e t - s u i t s  
were u s u a l l y  n e c c e s s a ry ,  e s p e c i a l l y  w here, as  in  th e  Tawe, immature 
and non-spaw ning in d i v id u a l s  c o l l e c t e d  in  deep poo ls  below a w e ir  
which p re v e n te d  t h e i r  f u r t h e r  ups tream  p r o g r e s s .
The day was u s u a l ly  s p e n t  f i lm in g  t h e i r  b e h a v io u r .  The 
an im als  were caugh t j u s t  b e fo re  r e t u r n  to  th e  l a b o r a t o r i e s  to  minimise 
the  d u r a t io n  of t h e i r  co n f in e m en t .  They were t r a n s p o r t e d  in  l a rg e  
p l a s t i c  d u s tb in s ,  two o r  th r e e  to  each b in ,  and th e  w a te r  was k e p t  
cool by p o ly th en e  bags f i l l e d  w ith  ic e  and f r e q u e n t  a d d i t io n s  of 
lo o se  i c e .  The w a te r  was u s u a l l y  a e r a t e d  d u r in g  t r a v e l .  U n like  
ammocoetes and a d u l t  Lam petra , a d u l t  P .  m arinus d id  n o t  g e n e r a l ly  
t r a v e l  w e l l .  Immature i n d i v id u a l s  s u rv iv e d  b e s t  b u t  lo s s e s  of up 
to  50% were u n f o r tu n a t e ly  f r e q u e n t .  I t  was found  p o s s i b l e  to  r e v iv e  
seem ing ly  dead in d i v id u a l s  by massage of th e  g i l l s  and h e a r t  r e g io n  
w ith  th e  an im al under c o ld  w a te r .  T h is  r e s u s c i t a t i o n  was o c c a s io n a l ly  
s u c c e s s f u l  up to  30mins a f t e r  a r r i v a l  a t  th e  l a b o r a t o r i e s ,
P .  m arinus a d u l t s  have been found spawning a t :  s e v e r a l  s i t e s
on th e  r i v e r  Tawe and i t s  t r i b u t a r y  th e  r i v e r  Mole in  Devon; th e  
r i v e r  Teme below the  w e irs  a t  Powick and A shfo rd  C a rb o n e l ;  th e  r i v e r  
Usk n e a r  L lan g y n id r  and th e  r i v e r  Tywi above and below L langadog .
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Most of the  P .  marinus a d u l t s  were r e l e a s e d  in  th e  South  
B u i ld in g  pond a t  th e  U n iv e r s i t y ,  where in  s p i t e  of r a t h e r  warm 
w a te r  th e y  s u rv iv e d  w e l l .  The r e s t  were kep t in  l a rg e  g a lv a n is e d  
ta n k s  in  the  aquarium  b u t  h e re  on ly  a few cou ld  be accommodated and 
f r e q u e n t  w a te r  changes were needed .  The advan tages  of keep ing  
in d i v id u a l s  in  th e  pond were r a t h e r  outw eighed by th e  d i f f i c u l t y  
of r e c a p tu r in g  them. A dult m arinus l e a r n  q u ic k ly  and w i l l  r a p i d l y  
and c o n s i s t e n t l y  swim to  th e  o th e r  s id e  of th e  pond when one s ta n d s  
on th e  edge . A lthough t h e i r  s i g h t  when s e x u a l ly  m ature appea rs  
ex tre m e ly  poor and t h e i r  eyes look  opaque, th ey  seem to  have no 
d i f f i c u l t y  in  a v o id in g  a n e t .  What se n so ry  a p p a ra tu s  i s  used  i s  
i n  doubt because  th e y  w i l l  p a r a d o x ic a l ly  swim d i r e c t l y  i n t o  a  f ix e d  
o b s ta c l e  or even out of th e  w a te r  and up th e  r i v e r  bank when th e y  
a r e  d i s tu r b e d .
3 * F ilm ing  of spawning b e h a v io u r .
D uring th e  co u rse  of t h i s  work, th e  o p p o r tu n i ty  was ta k e n  to  
a s s i s t  w ith  th e  f i lm in g  of spawning b e h a v io u r .  A lthough lampreys 
always seem to  spawn when th e  sun i s  o u t ,  on many o cca s io n s  w a te r  
c l a r i t y  was to o  poor to  p ro v id e  s u i t a b l e  f i lm in g  c o n d i t i o n s .  Added 
to  t h i s  d i f f i c u l t y ,  lampreys on ly  spawn on a few days each y e a r  and 
so the  chance of them spawning when w a te r  and w ea th e r  c o n d i t io n s  pe rm it  
f i lm in g  i s  low.
A Bolex HI6 R e f le x  l 6mm c in e  camera was u sed  f o r  a l l  r i v e r  
f i lm in g  w ith  Kodachrome 11 (B-w inding) D a y l ig h t  r e v e r s a l  f i lm  s to c k .
A l l  f i l m  was exposed a t  24 frames p e r  second . To expose th e  f i l m ,  
th e  camera was f i t t e d  w i th  an f / l . 4  10mm S w ita r  RX wide ang le  le n s  
and p la c e d  in  a Bolex U nderwater H ousing . I t  was u s u a l l y  n e c e s s a ry ,  
even f o r  f i lm in g  p l a n e r i , to  use a  w e t - s u i t  and s n o rk e l  to  l i e  on 
th e  r i v e r  bed w i th  th e  a n im a ls .  The p re sen ce  of a  cameraman and
v̂ g le j i .  s u r f a c e
V e r t i c a l  l o n g i tu d in a l  
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an a s s i s t a n t  appea red  no t to  d i s t u r b  any of th e  lampreys when they  
were red d  b u i l d in g  o r  spaw ning. P .  m arinus co u ld  even be g e n t ly  
hand led  u nderw ate r  w ith o u t  a la rm in g  them#
For the  in d o o r  f i lm in g  of p l a n e r i  spawning seq u en ce s ,  th e  
f i l m  s to c k  was Kodachrome IIA (B-w inding) and i l l u m i n a t i o n  was 
p ro v id e d  by a Eumig q u a r t z / i o d i n e  c in e  l i g h t .  The h ig h  l i g h t  
i n t e n s i t y  enab led  th e  le n s  a p e r tu r e  to  be s e t  a t  f /2 2  g iv in g  a la rg e  
dep th  of f o c u s .  The b eh av io u r  p a t t e r n  d id  n o t  ap p ea r  to  be d i s tu r b e d  
by t h i s  h ig h  l i g h t  i n t e n s i t y .
P# m arinus and L. p l a n e r i  were the  p r i n c i p a l  s u b je c t s  f o r  
f i lm in g  as  on th o se  o ccas ions  when L. f l u v i a t i l i s  were found spawning, 
th e  w a te r  was always to o  t u r b i d  to  a l lo w  ad eq u a te  e x p o su re .
4 .  Redd measurements
The fo l lo w in g  measurements were made of th e  red d s  of L. p l a n e r i  
and P .  marinus ( F ig .  13)
i . The d i s t a n c e  from th e  w a te r  s u r f a c e  to  th e  bed of th e
r i v e r  j u s t  in  f r o n t  of th e  r e d d  (= d^)
i i .  The d i s t a n c e  from th e  w a te r  s u r f a c e  to  th e  bottom  of 
th e  red d  (= dg)
i i i .  The d i s t a n c e  from th e  w a te r  s u r f a c e  to  th e  to p  of the
s to n e  p i l e  b eh in d  th e  red d  (= d^)
i v .  The d ep th  of th e  red d  below th e  s t ream  bed l e v e l  (= d .)
4
V. The g r e a t e s t  downstream le n g th  (= l )
v i .  The g r e a t e s t  c ro s s  s tream  w id th  of th e  redd  (= w)
v i i .  The c u r r e n t  speed  on th e  s u r f a c e  of th e  w a te r .
v i i i .  The le n g th  of th e  s to n e  p i l e  downstream from th e  re d d  (= s ) .
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L in e a r  red d  measurements were ta k e n  w i th  a m etre  r u l e .
C u r re n t  speeds were measured by t im in g  th e  p assag e  of a n e u t r a l l y  
buoyant b o t t l e  n e a r  th e  s u r f a c e  over a measured m e tre ,  th r e e  o r  more 
t im es  f o r  each r e d d .  Care was ta k e n  to  ensure  t h a t  the  o b se rv e rs  
d id  n o t i n t e r f e r e  w ith  th e  c u r r e n t  f low . Samples of s to n e  p i l e s  and 
r i v e r  bed m a te r i a l  were c o l l e c t e d  f o r  subsequen t a n a l y s i s .
E ig h te e n  p l a n e r i  redds  in  th e  Ober W ater of th e  New F o re s t
were measured in  e a r l y  A p r i l  1970. The number of an im als  in  each
red d  was re c o rd e d  and the  p o p u la t io n  of one red d  was caugh t f o r  
su b seq u en t w eighing and m easurement. I t  was f e l t  t h a t ,  as t h i s  a re a  
of th e  F o r e s t  i s  v e ry  p o p u la r  d u r in g  E a s t e r  when spawning g e n e r a l ly  
o c c u rs ,  and the  lamprey p o p u la t io n  i s  t h e r e f o r e  s u b je c t e d  to  s e v e re  
p r e d a t io n  by sm all  bo y s ,  removal of the  c o n te n ts  of more th a n  one 
red d  would be a f u r t h e r  d e t r im e n ta l  i n t e r f e r e n c e  w ith  the  n a t u r a l  
p o p u la t io n .
E leven  marinus redds  in  th e  r i v e r  Tywi, j u s t  below L langadog,
were measured in  e a r l y  J u ly  1970. No lampreys were then  p r e s e n t
b u t from th e  c o n d i t io n  of th e  redds  i t  was a p p a re n t  t h a t  spawning 
had only  r e c e n t l y  c e a se d .  T h is  c o n c lu s io n  can be j u s t i f i e d  by th e  
f a c t  t h a t  in  th e se  spawning grounds a lg a e  q u ic k ly  cover s to n e s  t h a t  
have been r e c e n t l y  d i s tu r b e d ,  w h ile  f r e s h  redds  have the  a l g a e - f r e e  
s u r f a c e s  of s to n e s  exposed . A f te r  a lo n g e r  p e r io d  of t im e , depending 
on c u r r e n t  c o n d i t io n s  in  the  r i v e r ,  redds  a l s o  f i l l  w ith  r i v e r  bed 
g r a v e l .  A f te r  r ed d  measurements had been ta k e n ,  samples of th e  
r i v e r  bed and s to n e  p i l e  were c o l l e c t e d .
S tone samples were weighed, b o th  as i n d i v id u a l  s to n e s  and as 
t o t a l  sam ples ,  and sample volumes were measured by d is p la c e m e n t .
The t o t a l  approx im ate  volume of each r e d d  was found by th e  e q u a t io n .
P la n  v i e w
L o n g i t u d i n a l  v e r t i c a l  s e c t i o n ,
F ig u r e  1 4 . A diagram of  a s t y l i s e d  redd to  show the  
g e o m e t r i c a l  a p p r o x im a t io n s  whose volumes  
were c a l c u l a t e d  t o  g i v e  an e s t i m a t e  of  
redd volume»
(Fac in g  p.  4 3 )
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T r  -  d j ) ( w )  E q .  I .
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This e q u a t io n  has been d e r iv e d  as f o l lo w s .  The volume of th e  cap
of d ep th  d . ,  of a s o l i d  e l l i p s e  w i th  c i r c u l a r  c ro s s  s e c t i o n  =
4
T T ( " / 2 ) ( L / 2 ) ( d ^ )  _ ^ 3 (L /2 )  -  (d ^ ) j  Eq. 2 .
3(L / 2 ) 2
However, t h i s  assumes t h a t  the  c ro s s  s e c t i o n  of the  red d  p a r a l l e l  
to  c u r r e n t  flow  i s  as  i l l u s t r a t e d  in  F ig .  14. I n  f a c t ,  the  downstream 
c ro s s  s e c t i o n  i s  n e a r e r  to  F i g . 13 and Eq, 2 would n o t  g ive  a  good 
e s t im a te  of th e  volume. However, th e  d ep th  of th e  red d  ( d . )  
was u s u a l l y  equa l t o ,  and always c lo s e  t o ,  th e  d i s t a n c e  from th e  
d e e p e s t  p o in t  to  th e  downstream end of the  re d d .  C onseq u en tly ,
Eq . 2 s i m p l i f i e s  t o : -
■rrw(d,)̂
---------- ^  Eq. 3 .
This  g iv e s  tw ice  th e  volume of th e  red d  downstream from a p la n e  
p e r p e n d ic u la r  to  th e  c u r r e n t  flow a t  th e  d e e p e s t  p a r t  of th e  r e d d .  
I f  h a l f  of t h i s  volume i s  added to  h a l f  of th e  volume of a cone 
( h e ig h t  = w/2) w ith  an e l l i p t i c a l  base  (d ^  to  L -d ^ ) ,  th e  t o t a l  
volume of th e  redd  i s  e s t im a te d  as in  E q u a t io n  1 .
T his  method of e s t im a t in g  redd  volume in t ro d u c e s  a sm a l l  
e r r o r  because  of th e  assum ption  of a r e g u la r  g e o m e tr ic a l  form . 
However, i t  i s  th e  c l o s e s t  app ro x im atio n  p o s s i b l e  w ith o u t  hav in g  
to  c o l l e c t  a l o g i s t i c a l l y  im p o ss ib le  number of d im ensions f o r  an 
i t e r i t i v e  c a l c u l a t i o n  of th e  volume by a com puter -  an e x e r c i s e  of 
d o u b t fu l  w orth  because  each red d  i s  a  r e f l e c t i o n  of an unique s e t  
of c i rc u m s ta n c e s .
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C« C o l l e c t i o n  of a n t ig e n s
Enomoto & Tomiyasu ( l 960a) c o l l e c t e d  e x t e r n a l  mucus by 
d ropp ing  t h e i r  f i s h e s  ( lo a c h )  a l i v e  i n t o  e th a n o l  and s c r a p in g  th e  
r e s u l t i n g  p r e c i p i t a t e  from th e  sk in*  As th e  lampreys in  th e  
c u r r e n t  s tu d y  have been in  s h o r t  su p p ly  and only  f o r  a l i m i t e d  
p e r io d  of time each  y e a r ,  a l e s s  d r a s t i c  te c h n iq u e  had to  be 
d ev e lo p ed .
Lampreys used  f o r  mucus c o l l e c t i o n  were a n a e s t h e t i s e d  w ith  
1 p a r t  of t r i c a i n e  m ethanesu lphona te  (Sandoz M .S.222) to  1000 p a r t s  
(w /v) of d i s t i l l e d  w a te r .  Thorson ( 1 9 5 9 ) , i n v e s t i g a t i n g  th e  e f f e c t s  
of M .S .222 on P . m arinus .found t h a t  t h i s  d i l u t i o n  gave r a p id  
a n a e s t h e t i s a t i o n  w ith  no f a t a l i t i e s  even a f t e r  p ro lo n g ed  e x p o su re .
I t  took  abou t 10 min to  a n a e s t h e t i s e  a d u l t  P .  m a r in u s , about 3 min 
f o r  a d u l t  L . f l u v i a t i l i s  and c o n s id e r a b ly  l e s s  f o r  ammocoetes and 
L. p l a n e r i  a d u l t s .  The d u r a t i o n  of unco n sc io u sn ess  depended upon 
th e  l e n g th  of exposure  to  M .S.222, b u t  an im als  were u s u a l l y  removed 
from the  a n a e s t h e t i c  on c e s s a t i o n  of r e s p i r a t o r y  movements which 
n o rm ally  r e s t a r t e d  w i th in  13min. When th e  mucuses from l i v e  
a n a e s t h e t i s e d  and f r e s h l y  k i l l e d  an im als  were compared by g e l  d i f f u s i o n  
th e  p a t t e r n s  o b ta in e d  w i th  any one a n t is e ru m  were the  same.
A du lt  L. f l u v i a t i l i s , caught d u r in g  ups tream  m ig ra t io n ,  were 
u s u a l ly  a v a i l a b l e  in  l a rg e  numbers between O ctober and March and 
i n i t i a l  c o l l e c t i o n s  of mucus were made from th e s e  a n im a ls .  The 
a n a e s t h e t i s e d  lamprey was b l o t t e d  d ry  and p la c e d  on m oistened  p a p e r  
tow els  i n  a waxed d i s h .  Drops of d i s t i l l e d  w a te r  were p i p e t t e d  on 
to  th e  s k in  and s c ra p e d  to  and f r o  w i th  a s p a t u l a .  Mucus was ta k e n  
up by th e  w a te r  and th e  r e s u l t a n t  'b lo b s*  removed by p i p e t t e .
Mucus was produced  p a r t l y  in  re sp o n se  to  d e h y d ra t io n  and th e  i n i t i a l
A
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b lo b s  were c l e a r  and only  s l i g h t l y  v is c o u s  w h ile  l a t e r  b lo b s  from 
th e  same anim al were o p a le sc e n t  and much more v isc o u s#  This  p ro c e ss  
of s c r a p in g  was c o n t in u e d  u n t i l  spon taneous  g i l l  movements began , a t  
which time th e  an im als  were t r a n s f e r r e d  to  an a e r a t e d  re c o v e ry  ta n k .  
When f u l l y  re c o v e re d  th e  an im als  were r e tu r n e d  to  h o ld in g  cages in  
th e  pond, o r  to  ta n k s  in  th e  aquarium . No anim al was sc ra p e d  more 
o f te n  th a n  every  o th e r  day.
Except in  s p e c i f i c  c a s e s ,  in  which th e  mucus was u sed  to  t e s t  
f o r  sex  d i f f e r e n c e s  & c., mucus from s e v e r a l  i n d i v id u a l s  was p o o le d .
I t  was then  d i l u t e d  w i th  d i s t i l l e d  w a te r  to  f iv e  t im es  i t s  o r i g i n a l  
volume and c e n t r i f u g e d  a t  3000rpm f o r  lOmin to  throw down a l g a l  c e l l s ,  
ep ide rm a l t i s s u e  and any o th e r  d e b r i s .  The s u p e r n a ta n t  was f r e e z e  
d r i e d  f o r  s to r a g e  u n t i l  needed .
Dry w eigh t y i e l d s  av e rag ed  abou t 1 ,Omg p e r  an im al ( f l u v i a t i l i s ) 
sc ra p e d  d u r in g  mid season  months b u t  y i e l d s  d e c re a se d  w ith  i n c r e a s in g  
se x u a l  m a tu r i t y .  I t  was p o s s ib le  t o  s c ra p e  about 15 an im als  a  day 
in  m id -season  b u t  from the  end of February  u n t i l  th e  b eg in n in g  of 
A p r i l  th e  number of f l u v i a t i l i s  a v a i l a b l e  d e c l in e d  to  none. L osses  
of m a te r i a l  due to  m echanical f a i l u r e s  of th e  f r e e z e - d r i e r  were 
sometimes as  heavy as 30^  and so th e  1967-1968  s easo n  t o t a l  of
0 . 560gm dry  w eigh t r e p r e s e n t s  mucus from about 700 a n im a ls .
A f t e r  th e  f i r s t  s ea so n ,  10^  e th a n o l  r e p la c e d  d i s t i l l e d  w a te r  
d u r in g  s c r a p in g  and by t h i s  means y i e l d s  were in c r e a s e d  by about 
one t h i r d .  Care was ta k e n  to  av o id  g e t t i n g  e th a n o l  i n t o  th e  g i l l  
o pen ings ,  e y e s ,  n a so -h y p o p h y s ia l  opening and mouth. S c ra p in g  w i th  
e th a n o l  provoked in f lam m ation  of the  s k in  b u t  t h i s  soon p as se d  and 
the  an im als  r a r e l y  appea red  to  s u f f e r  permanent damage. Presum ably 
th e  i r r i t a n t  and d e h y d ra t in g  e f f e c t  of e th a n o l  p roduced  b o th  th e  
in f lam m ation  and the  in c re a s e d  s e c r e t i o n  of mucus.
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P .  m arinus a d u l t s  were too  la rg e  to  s c ra p e  in  the  manner 
d e s c r ib e d  above . They were suspended by th e  head , w e l l  p r o t e c t e d  
w i th  damp foam p l a s t i c  and p ap e r  to w e ls ,  from a clam p. The body 
beh in d  th e  g i l l s  was then  washed down w ith  10^ e th a n o l .  U nlike  
L. f l u v i a t i l i s , P . m arinus ten d ed  to  s e c r e t e  more mucus as  they  
approached  s e x u a l  m a tu r i ty  and s c ra p in g  was o f te n  u n n e c c e s sa ry .
When th e y  were suspended and f lu s h e d  w ith  e th a n o l ,  q u i t e  c o n c e n t r a te d  
mucus sometimes d r ip p e d  from th e  t a i l .  Y ie ld s  from m arinus v a r i e d  
w ith  s i z e  and s e x u a l  m a tu r i ty  b u t  on average  was about l^mg d ry  w eight
a t  each c o l l e c t i o n .  Animals were always in  s h o r t  supp ly  and, as
th e y  were g e n e r a l ly  c o l l e c t e d  a t  spawning tim e from spawning reac h es
th e y  d ied  soon a f t e r  c a p t u r e .  380mg dry  w eigh t were c o l l e c t e d  from
May to  J u l y  I 9 6 9 .
A dult  L. p l a n e r i  and a l l  ammocoetes y i e ld e d  v e ry  p o o r ly .
The fo l lo w in g  methods of s t im u la t in g  mucus p ro d u c t io n  were a p p l i e d  
to  th e  s k i n : -
i .  m ild  e l e c t r i c  shock
i i .  yfo sodium c h lo r id e  s o l u t i o n
i i i .  O.IN h y d ro c h lo r ic  a c id
i v .  E thano l in  v a r io u s  c o n c e n t r a t i o n s  up to  30% Beyond t h i s
c o n c e n t r a t i o n  the  s k in  d eh y d ra ted  q u ic k ly ,  s e v e r e ly  and s u s t a in e d  
perm anent damage. In t r a c o e lo m ic  i n j e c t i o n s  of p i l o c a r p i n e  ( jakow ska, 
1962) made up to  0 . ^  in  lamprey s a l i n e  were a l s o  t r i e d .  N e i th e r  
t h i s  no r  any of the  o th e r  methods improved on th e  y i e l d s  o b ta in e d  
w i th  15% e th a n o l  in  d i s t i l l e d  w a te r .  Y ie ld s  from la rg e  ammocoetes 
( 140mm or l a r g e r )  were up to  0 . 3mg dry  w eigh t p e r  a n im a l .
Where mucus from in d i v id u a l s  was r e q u i r e d  i t  was c o l l e c t e d  
w ith  th e  a d d i t i o n  of as l i t t l e  e th a n o l  as  p o s s i b l e  and u sed  raw, i . e .  
w ith o u t  c e n t r i f u g a t i o n  o r  f r e e z e  d ry in g .  Q u a n t i t i e s  of mucus from 
in d i v id u a l s  were so sm all  in  com parison w i th  p o o le d  c o l l e c t i o n s  t h a t  
th e  u s u a l  p ro c e s s in g  would have r e s u l t e d  in  p r o p o r t i o n a t e l y  much
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h e a v ie r  l o s s e s .  Samples of mucus from th e  e e l ,  A n g u i l l a  a n g u i l l a ; 
p l a i c e ,  P le u ro n e c te s  p l a t e s s a ; salmon s m o lt ,  Salmo s a l a r  and a sm a ll  
Gadus s p .  were c o l l e c t e d  from f r e s h l y  k i l l e d  specimens and u sed  raw.
The p r o t e i n  c o n te n t  of lamprey mucus was e s t im a te d  by t o t a l  
n i t r o g e n  c o n te n t  de te rm ined  by m ic ro -K je ld a h l  a n a l y s i s .
When more pow erfu l complex a n t ig e n s  were r e q u i r e d ,  lamprey 
s k in  e x t r a c t s  were u s e d .  P ie c e s  of s k in  (derm is  and e p id e rm is )  or 
whole s k in s  from s m a l le r  lampreys were c u t  up and ground w i th  sh a rp  
sand  and a  l i t t l e  d i s t i l l e d  w a te r .  T h is  m ix tu re  was th e n  exposed 
to  u l t r a s o n i c  a g i t a t i o n  f o r  lOmin, ground a g a in  and th e n  r e p la c e d  in  
th e  u l t r a s o n i c  a g i t a t o r  f o r  a  f u r t h e r  15min. Lamprey s k in  i s  v e ry  
tough and th e  s k in s  of even sm a l l  ammocoetes rem ained whole a f t e r  
t h i s  t r e a tm e n t  b u t  s u f f i c i e n t  of th e  c e l l  c o n te n ts  were r e l e a s e d  
to  enab le  th e  use of th e  s u p e rn a ta n t  as  a  pow erfu l a n t ig e n .
A n tigen  s o l u t i o n s ,  o th e r  th a n  th o se  used  f o r  im m unisa tion , 
were p r o t e c t e d  w ith  sodium m e r t h io l a t e  (= T h im erosa l)  1 p a r t  to  
10,000  a n t ig e n  s o l u t i o n  (w/v) and s t o r e d  in  th e  deep f r e e z e .
Muscle samples f o r  chrom atography were removed from th e  s id e s  
of l a rg e  lam preys .  Ammocoetes were d e c a p i t a t e d ,  sk in n e d ,  g u t t e d  
and had th e  no tocho rd  removed and th e  rem a in ing  m a te r i a l  used  in  
muscle p r e p a r a t i o n s .
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D. The p r e p a r a t io n  of a n t i s e r a .
The a n t i g e n i c i t y  of p r o t e i n s  d i f f e r s ;  f o r  example. Bovine 
Serum Albumin i s  n o t  as immunogenic in  r a b b i t s  as  i s  ovalbumin.
Because th e  a n t i g e n i c i t y  of e x t e r n a l  lamprey mucus was unknown and 
because  only  sm a l l  q u a n t i t i e s  of a n t ig e n  were a v a i l a b l e  th e  r a b b i t s  
were immunised w ith  an a n t ig e n /F r e u n d ’ s Complete A djuvant m ix tu r e .
A djuvan ts  cause  a p ro lo n g ed  and enhanced immune r e s p o n s e .  
F re u n d 's  Complete A djuvant (= FCA), which i s  th e  most commonly used  
a d ju v a n t ,  i s  a m ix tu re  of a l i g h t  m in e ra l  o i l  ( o f t e n  p a r a f f i n  o i l ) ,  
an e m u l s i f i e r  ( u s u a l l y  A r la c e l  A) and dead m y c o b a c te r ia .  I t s  
e f f e c t  i s  t h r e e f o l d .  The w a t e r - i n - o i l  em ulsion  formed when s o lu b le  
a n t ig e n  in  s a l i n e  i s  th o ro u g h ly  mixed w ith  FCA i s  r e l a t i v e l y  in s o lu b le  
i n  v i v o ; th e  c o n ta in e d  a n t ig e n  i s  th e r e f o r e  s low ly  r e l e a s e d  g iv in g  
a  p ro lo n g ed  s t i m u l a t i o n .  Second ly , th e  c o n s t i t u e n t s  of the ad ju v an t  
u s u a l l y  cause an in flam m atory  granuloma a t  th e  i n j e c t i o n  s i t e ,  
a s s o c i a t e d  w ith  l a rg e  numbers of macrophages, c e l l s  which a r e  p o s s ib ly  
im p o r ta n t  in  the immune r e s p o n s e .  L a s t l y ,  m ycobac te ria  cause an 
enhanced an t ib o d y  p r o d u c t io n .  The rea so n s  f o r  t h i s  a r e  n o t  c l e a r  
b u t  i t  i s  known t h a t  s t i m u l a t i o n  w ith  dead m y co b ac te r ia  causes  
p r o d u c t io n  of l a rg e  numbers of macrophages a l l  over th e  body.
(F reu n d , J e f f e r s o n ,  Hough, Sommer and P i s a n i ,  1948^ S t e i n e r ,  Langer 
& S c h a tz ,  i 960 and Kind, 1970.)
The i n i t i a l  a n t i s e r a  were r a i s e d  in  s i x  New Z ea land  W hite 
r a b b i t s ,  each  w eighing  about 2 .5 k g .  I n to  each  of th e s e ,  one ml 
of a 1:1 FCA /antigen s o l u t i o n  was i n j e c t e d  s u b c u ta n e o u s ly  s p re a d  
among up to  s i x  s i t e s  on the  s h o u ld e r .  The a n t ig e n  s o l u t i o n  was 
5% w/v f r e e z e - d r i e d  f l u v i a t i l i s  mucus in  normal s a l i n e  (ab o u t 25mg 
p r o t e i n  p e r  m l . ) .
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The r a b b i t s  were b le d  from th e  l a t e r a l  e a r  v e in  a f t e r  s i x  
weeks, which y ie ld e d  20ml of whole b lo o d  p e r  r a b b i t ,  and t h e r e a f t e r  
th e y  were b le d  w eekly . A ntibody was f i r s t  d e t e c t e d  by a r i n g  t e s t  
in  s e r a  from th e  second b le e d in g .  E leven  weeks a f t e r  th e  i n i t i a l  
i n j e c t i o n ,  the  a n t ib o d y  t i t r e  began to  f a l l  and th e  r a b b i t s  were 
g iv e n  a  'b o o s te r*  dose of 0.5ml of \% (w /v) a n t ig e n  in  s a l i n e  
i n t r a v e n o u s ly .  B leed ing  was c o n t in u e d  b u t  i t  was found n e c e s s a ry  
to  r e p e a t  the  b o o s te r  dose every  second week as recommended by 
Cam pbell, Garvey, Cremer and S u s s d o r f ( I 964 ) • Because of e a r  
s c a r i f i c a t i o n  d u r in g  the  f i r s t  n ine  months, 20ml b lood  sam ples were 
removed by c a r d i a c  p u n c tu re  weekly t h e r e a f t e r .  A l l  r a b b i t s  were 
s u b se q u e n t ly  b le d  in  t h i s  way.
This  f i r s t  s e r i e s  of r a b b i t s  was l a s t  b le d  18 months a f t e r  th e  
i n i t i a l  im m unisation  and a l th o u g h  th e  an t ib o d y  t i t r e  was s t i l l  h ig h ,  
s p e c i f i c i t y  had d im in / i s h e d  because  of r e p e a te d  c h a l l e n g e s .
The b lood  was c o l l e c t e d  in  c l e a n  tu b e s  and l e f t  a t  4°G 
o v e rn ig h t  f o r  c l o t  s e p a r a t i o n  and c o n t r a c t i o n .  I t  was un n ece ssa ry  
to  c e n t r i f u g e  the  whole b lood  as serum c o l l e c t e d  in  t h i s  way was c l e a r .  
The s e r a  from in d iv id u a l  r a b b i t s  v a r i e d  in  t i t r e  and s p e c i f i c i t y .
A l l  'g o o d ' s e r a  were poo led  f o r  subsequen t u se ;  t h i s  i s  th e  serum 
r e f e r r e d  to  as A' in  th e  r e s u l t s .  'Good' s e r a  a r e  th o se  which on 
p l a t e  double  g e l  d i f f u s i o n  a g a i n s t  homologous a n t ig e n  y i e ld e d  th r e e  
o r  more p r e c i p i t i n  l i n e s  and t h a t  were n o t  n o t i c e a b ly  haem olyséd.
The second s e r i e s  of r a b b i t s  (two C a l i f o r n i a n  and one New 
Z ea land  Whitg) was i n j e c t e d  w ith  a 5% w/v s o l u t i o n  of m arinus mucus 
su b c u ta n e o u s ly  in  FCA as d e s c r ib e d  above. A ntibody was found one 
month a f t e r  th e  i n j e c t i o n ,  b o o s te r s  b e in g  g iv en  6 and 7 months 
a f t e r  th e  i n i t i a l  i n j e c t i o n .  The serum from each  r a b b i t  was k ep t  
s e p a r a t e l y ,  and th e s e  a re  r e f e r r e d  to  as M6, M7 and M8.
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The t h i r d  s e r i e s  was th r e e  New Z ea lan d  White r a b b i t s  which 
were i n j e c t e d  w ith  a 1:1 m ix tu re  of p l a n e r i  mucus and FCA su b -  
c u t a e o u s ly ,  P l a n e r i  mucus was a v a i l a b l e  in  minute q u a n t i t i e s  only 
and was no t f r e e z e  d r i e d  b u t  used  raw; th e  p r o t e i n  c o n te n t  of th e  
a n t ig e n  i n j e c t e d  was no t known. These s e r a  a r e  r e f e r r e d  to  as  
P2, P3 and P4.
A f u r t h e r  s i x  C a l i f o r n i a n  r a b b i t s  were i n j e c t e d  su b c u ta e o u s ly  
w i th  5% (w /v) f l u v i a t i l i s  f r e e z e  d r i e d  mucus mixed 1:1 w ith  FCA (im l 
of th e  m ix tu re  s p re a d  among s i x  s i t e s  on the  s h o u ld e r ) .  The 
s e r a  were d esg n a te d  F17, F18, F ig ,  F20, F21 and F22.
F in a l ly ,  fo u r  C a l i f o r n i a n  r a b b i t s  were i n j e c t e d  w ith  marinus 
mucus in  FCA u s in g  a s i m i l a r  dosage and th e  s e r a  were d e s ig n a te d  
M i l , M13 , M14 and M23.
Five b a tc h e s  of a n t i s e r a  were th e r e f o r e  a v a i l a b l e ;  two a g a i n s t  
f l u v i a t i l i s  mucus, th e  f i r s t  of which was p o o le d  from s i x  r a b b i t s  
and the second c o n s i s t i n g  of s e r a  from t h r e e  in d i v id u a l s ;  two a n t i -  
m arinus serum b a tc h e s  from th r e e  and fo u r  r a b b i t s  r e s p e c t i v e l y  w ith  
s e r a  from i n d i v id u a l  an im als  k ep t  s e p a r a t e l y ;  and f i n a l l y  a n t i - p l a n e r i  
s e r a  from th r e e  in d iv id u a l  r a b b i t s .  Where s e r a  were no t p o o le d ,  
d i f f e r e n c e s  in  re sp o n se  from in d i v id u a l s  were marked and p e r s i s t e n t .
A n t i s e r a  were kep t in  15ml a l i q u o t s  in  p l a s t i c  c o n ta in e r s  in  
th e  deep f r e e z e  u n t i l  needed . S e ra  in  c u r r e n t  use were k ep t a t  
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Ey Im m unodiffusion
1 . The 'R in g '  t e s t
The ' r i n g '  o r  i n t e r f a c i a l  t e s t  i s  u s u a l ly  used q u a n t i t a t i v e l y  
to  e s t a b l i s h  the  eq u iv a len c e  p o in t  of an a n t ig e n /a n t ib o d y  sy s tem .
In  t h i s  s tu d y  i t  has been used  as a q u ic k  t e s t  to  e s t a b l i s h  the  
p re se n c e  o r  absence  of p a r t i c u l a r  a n t ib o d ie s  in  a serum and to  
de te rm ine  th e  range  of c o n c e n t r a t io n s  of a n t ig e n  most s u i t a b l e  f o r  
th e  g e l  d i f f u s i o n  t e s t s  t h a t  fo l lo w e d .  The p r i n c i p l e  of t h i s  t e s t  
i s  t h a t  a l i n e  of p r e c i p i t a t e  deve lops  a t  th e  a n t ig e n /a n t i s e r u m  
i n t e r f a c e  i f  th e  c o n c e n t r a t i o n s  of th e  a n t ig e n  and an t ib o d y  a r e  a t  
o r  n e a r  th e  e q u iv a le n c e  p o i n t .  Above o r  below th e se  optimum 
c o n c e n t r a t i o n s  th e  p r e c i p i t a t e  d i s s o lv e s  as  i t  forms in  th e  excess  
of a n t ig e n  or a n t ib o d y ,
0.4ml of a n t is e ru m  was p u t i n t o  each  of a s e r i e s  of 1 x 5cm 
f la t - b o t to m e d  g la s s  tu b es  and an eq u a l  q u a n t i t y  of a n t ig e n  s o lu t i o n  
la y e r e d  on the  to p ,  c a re  be ing  ta k e n  t h a t  mixing of th e  two s o lu t i o n s  
d id  no t occur (Cam pbell,  Garvey, Cremer and S u s s d o r f ,  1964)» The 
tu b e s  were p la c e d  in  a Perspex  r a c k  f o r  ease  of v ie w in g .  In  a 
p o s i t i v e  t e s t  th e  p r e c i p i t a t e  developed  a t  th e  a n t ig e n /a n t i s e r u m  
i n t e r f a c e  w i th in  a few m in u te s .
I n  d e te rm in in g  optimum a n t ig e n  c o n c e n t r a t i o n s ,  s e r i a l  d i l u t i o n s  
from 0 ,0 1 ^  (w/v a n t ig e n  in  normal s a l i n e )  to  0.1% in  0,01% s te p s  and 
from 0.1% to  1.0% in  0.1% s te p s  were u sed .  D i lu t io n s  of from 
0.1% to  0.6% (= 0 ,5  to  5"0mg p r o te in /m l )  gave p o s i t i v e  r e s u l t s ,
2 . D i f f u s io n  in  g e ls
Bechhold (1905) was th e  f i r s t  t o  observe  p r e c i p i t a t i o n  r in g s  
in  g e l s  r e s u l t i n g  from th e  a n t ib o d y /a n t ig e n  r e a c t i o n ,  a l th o u g h  h i s  
r e s u l t s  were overlooked  f o r  some t im e .  S ta n d a rd i s e d  te ch n iq u e s
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of im m unodiffusion  were n o t  e s t a b l i s h e d  u n t i l  the  1940*s, when 
Oudin ( 1946) r e p o r te d  a s im p le  method o f  d i f f u s i o n  in  t u b e s .
Subsequen t developments of d i f f u s i o n - i n - g e l  te c h n iq u e s  were rev iew ed 
by G rabar (1957)  and O uch te r lony  (1 9 5 8 ) .
The p r i n c i p l e  of d i f f u s i o n  in  g e l s  i s  t h a t  th e  r e a c t a n t s  
d i f f u s e  tow ards each o th e r  th rough  th e  g e l ,  ( o r  in  some case s  one 
r e a c t a n t  d i f f u s e s  in t o  a g e l  c o n ta in in g  the  o th e r ,  O uch te r lony ,  1948) 
and a v i s i b l e  p r e c i p i t a t e  forms where th e  r e a c t a n t s  meet a t  t h e i r  
e q u iv a le n c e  p o i n t .  Most a n t ig e n /a n t ib o d y  p r e c i p i t a t e s  a re  s o lu b le  
i n  one o r  b o th  r e a g e n ts  i f  in  excess  and as O uch te r lony  ( 1949b) 
s t a t e d ,  "One can th e r e f o r e  v i s u a l i s e  th e  p ro c e s s  as a  m ig ra t io n  of 
two c r i t i c a l  c o n c e n t r a t i o n s  a g a i n s t  each o t h e r ,  th e  p r e c i p i t a t e
form ing where th e s e  m ee t " The p o s i t i o n  of th e  p r e c i p i t a t e -
th e  e x p re s s io n  of th e  p o in t  of b a la n c e  between th e  r e a c t a n t s ,  i s  
a f u n c t io n  of th e  i n i t i a l  c o n c e n t r a t io n s  of a n t ib o d y  and a n t ig e n ,  
p ro v id e d  t h a t  th e s e  a re  above a c e r t a i n  minimum th r e s h o l d ,  and of 
th e  r a t e s  of d i f f u s i o n  of th e  r e a g e n t s .  I n  m u l t ip l e  a n t ig e q /a n t ib o d y  
sy s tem s , many of th e  c o n s t i t u e n t  r e a g e n ts  w i l l  have d i f f e r i n g  i n i t i a l  
c o n c e n t r a t i o n s  and r a t e s  of d i f f u s i o n  and so a  s e r i e s  of p r e c i p i t i n  
l i n e s  w i l l  form.
In  t h i s  s tu d y ,  double  d i f f u s i o n  i n  p l a t e s  was used  (O u ch te r­
lo n y ,  1949k-c;l950 & 1955) .  A p e t r i  d i s h  i s  p a r t l y  f i l l e d  w ith  
a g a r .  W e l ls ,  c u t  in  th e  s o l i d i f i e d  g e l ,  a re  f i l l e d  w ith  . a n t ig e n  
o r  a n t ib o d y  which th e n  d i f f u s e  tow ards each o t h e r .  This  method 
e s t a b l i s h e s  th e  minimum number of r e a c t i n g  system s and a l s o  a l low s  
a q u a l i t a t i v e  com parison of a n t ig e n s .  I d e n t i t y ,  p a r t i a l  i d e n t i t y  
and n o n - i d e n t i t y  of a n t ig e n s  each  g ive  t y p i c a l  p r e c i p i t i n  p a t t e r n s  
i n  a s im ple  ge l  d i f f u s i o n  system .
The i n i t i a l  appearance  of the  l i n e s  i s  th e  same, w hateve r
Q  Antigen
O
A n t ig e n
Ant iserum
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Figu re 1 5 . P r e c i p i t i n  p a t t e r n s  in  g e l  d i f f u s i o n  p l a t e s  
showing v a r i o u s  r e l a t i o n s h i p s  among a n t i g e n s  
(Ag .  = a n t i g e n ;  Ab, = a n t i s e r u m . )
(F ac in g  p.  53)
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th e  r e l a t i o n s h i p  between th e  a n t ig e n s  ( F ig ,  1 5 a ) .  As th e  l i n e s  grow 
l a t e r a l l y  on f u r t h e r  d i f f u s i o n  d u r in g  in c u b a t io n ,  they  e v e n tu a l ly  
meet a t  p o in t  x .  At t h i s  p o in t  th e  p o s s i b i l i t y  of i n t e r a c t i o n  
between the  l i n e s  a r i s e s  g iv in g  i n h i b i t i o n ,  d e v i a t i o n ,  o r  p a r t i a l  
o r  com plete  f u s io n .  The s im p le s t  case  i s  where th e r e  i s  no i n t e r ­
f e re n c e  because  th e re  i s  no s e r o l o g i c a l  r e l a t i o n s h i p  between th e  
a n t ig e n s  compared ( F ig .  15h).  Where th e r e  i s  s e r o l o g i c a l  i d e n t i t y  
t h e r e  w i l l  be com plete  d e v i a t io n  and f u s io n  to  g iv e  th e  p a t t e r n  
shown in  F ig ,  15c .  R e l a t i o n s h i p  between th e  a n t ig e n s ,  b u t  n o t  
i d e n t i t y  g iv e s  r i s e  t o ' s p u r  form ation* ( F i g , l ^ d )  where th e r e  
i s  d e v i a t i o n ,  i n h i b i t i o n  and p a r t i a l  f u s io n  ( t h e  p r e c i p i t a t e  of 
B i s  p a r t i a l l y  d e v ia te d  and i n h i b i t e d ) .  T h is  p a t t e r n  i s  o f te n  
th e  r e s u l t  of a n t ig e n  A, com prised  of a l l  th o se  a n t ig e n s  in  B and 
some o th e r s  b e in g  r e a c t e d  a g a i n s t  an a n t is e ru m  to  A.
The l i n e  of p r e c i p i t a t e  has a sh a rp  edge on th e  s id e  of th e  
r e a g e n t  no t in  ex ce ss  and a r a t h e r  b lu r r e d  s p re a d in g  o u t l i n e  on 
th e  s id e  of the  r e a g e n t  t h a t  i s  in  excess  (G rab a r ,  1957) ,
Systems of double  d i f f u s i o n  have d is a d v a n ta g e s ;  bands may be 
superim posed  and the  p r e c i p i t a t e s  of s e v e r a l  a n t ig e n s  ap p ea r  as  one; 
s i n g l e  bands may ap p ea r  d o u b le ,  e s p e c i a l l y  where th e  excess  of one 
r e a g e n t  i s  ve ry  g r e a t ;  and under  some c i rc u m s ta n c e s ,  th e  t y p i c a l  
p a t t e r n s  of i d e n t i t y  &c, may be formed in  o th e r  ways (W ilson & 
P r i n g l e ,  1954 & 1955).
Im m u n o e lec tro p h o res is ,  where g e l  e l e c t r o p h o r e s i s  of th e  
a n t ig e n  i s  fo l lo w ed  by double d i f f u s i o n ,  overcomes th e se  d i f f i c u l t i e s  
to  a g r e a t  e x t e n t .  The in c r e a s e d  r e s o lv in g  power of t h i s  te c h n ­
ique  i s  due to  th e  e x t r a  ‘dimension* in v o lv e d ,  t h a t  i s ,  th e  e l e c t r o ­
p h o r e t i c  m o b i l i t i e s  of th e  a n t ig e n  p r o t e i n s .
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The main d isa d v a n ta g e  of im m unoelec tropho res is  i s  t h a t  th e  
c o n c e n t r a t i o n  of a n t ig e n  a t  th e  so u rce  of d i f f u s i o n  i s  lowered by 
th e  sp re a d in g  e f f e c t  of th e  p re c e d in g  e l e c t r o p h o r e s i s  and g r e a t e r  
c o n c e n t r a t i o n s  of a n t ig e n  may be needed . The fo l lo w in g  a u th o rs  
d e a l  w ith  v a r io u s  a s p e c t s  of im m u n o e lec tro p h o res is ;  G rabar &
W illiam s (1953 & 1955), G ra b a r , ( 1 9 5 7 ) ,M a r t in ,  S c h e id e g g e r ,  G rabar 
& W illiam s (1 9 5 4 ) ,  S che idegger  (1957) and O uch te r lony  (1958)#
i* Double d i f f u s i o n  tech n iq u e
\% Bacto (D ifco )  a g a r  was made up by th e  method g iv en  by 
Cafnpbell, Garvey, Cremer & S u ssd o rf  ( 1964) excep t t h a t  t ry p a n  b lu e  
was added to  g ive  a c o n c e n t r a t i o n  of 0.5ml/gm a g a r ,  as  th e  l.Oml/gm 
a g a r  su g g e s te d  by Campbell c t  ^  was found to  g ive  to o  in t e n s e  a 
c o l o u r a t i o n .
Small p l a s t i c  p e t r i  d is h e s  (5cm d iam .)  w i th  t i g h t l y  f i t t i n g  
l i d s  were each p a r t l y  f i l l e d  w ith  6ml of m e lted  a g a r  m ix tu re ;  t h i s  
gave a dep th  of g e l  of about 4mni, When th e  g e l  had s e t ,  one c e n t r a l  
and s i x  p e r ip h e r a l  w e l l s  were c u t  by means of a te m p la te  and h o le  
punch a t t a c h e d  to  a vacuum l i n e .  M oistened  f i l t e r  p ap ers  were 
p u t  i n t o  th e  l i d s  which were r e p la c e d  and the  p l a t e s  s t o r e d  a t  4 °C 
u n t i l  needed . For u s e ,  each w e l l  was f i l l e d  w i th  abou t 0,05ml of 
th e  r e a g e n t  to  be t e s t e d ;  th e  a n t ig e n  s o lu t i o n s  a t  a  c o n c e n t r a t i o n  
of 0 , 55^  w/v in  s a l i n e  and th e  a n t i s e r a  used  u n d i l u t e d .  The l i d s  
were r e p la c e d  and th e  d is h e s  l e f t  in  a humid atm osphere  a t  room 
te m p era tu re  f o r  48 hours when th e  r e s u l t s  were r e c o rd e d ,
i i ,  Im m unoelec tropho res is
The method was b a s i c a l l y  t h a t  of S ch e id eg g er  ( 1955^) which 
was a micromethod on m icroscope s l i d e s  r e q u i r i n g  s m a l l e r  amounts
“ 55 -
of a n t ig e n  and an t ib o d y  th an  the  o r i g i n a l  method of G rabar  and 
W illiam s (1 9 5 5 ) .  U sing a Shandon s l i d e  t r a y  and g e l  c u t t e r ,  e ig h t  
m icroscope s l i d e s  cou ld  be s e t  up s im u l ta n e o u s ly  w i th  up to  two 
h o le s  and two tro u g h s  in  the  g e l  on each  s l i d e .
The b a r b i t a l  b u f f e r  u sed  th ro u g h o u t was 1 l i t r e  of N/10 
sodium b a r b i t a l  and 300ml of N / io  h y d ro c h lo r ic  a c id  made up to  
2 l i t r e s  w i th  d i s t i l l e d  w a te r  g iv in g  a pH of 8 .2 .
The a g a r  was a \% s o lu t i o n  of Bacto  a g a r  in  th e  b a r b i t a l  
b u f f e r  w ith  sodium m e r th io l a t e  added to  g iv e  a c o n c e n t r a t i o n  of 
\% w /v . The a g a r  was made up in  b a tc h e s  of 50ml a l i q u o t s  which 
were s t o r e d  a t  4°C u n t i l  needed, a t  which time th ey  were m e lted  i n  
a b o i l i n g  w a te r  b a t h .
S ta n d a rd  ( 3 i n .  x l i n . )  m icroscope s l i d e s  c le a n e d  w ith  
ace tone  and d r i e d ,  were p la c e d  in  the  s l i d e  t r a y  which had been 
m oistened  w ith  a few drops of d i s t i l l e d  w a te r  and p la c e d  on a 
l e v e l l i n g  t a b l e .  50ml of m e lted  a g a r  was poured  onto  th e  s l i d e s  
on th e  t r a y ,  over which a 's p re a d e r*  was th e n  p asse d  to  en su re  an 
even th ic k n e s s  of g e l .  The g e l  was l e f t  to  s e t  f o r  about lOmin 
and th e n  p la c e d  in  a r e f r i g e r a t o r  f o r  a f u r t h e r  lOmin to  h a rd e n .
A Shandon c u t t e r  was used  to  c u t  two tro u g h s  and a c e n t r a l  
h o le  in  each  s l i d e .  The w aste  g e l  from the  t ro u g h s  was removed 
w ith  a sm all  k n i f e  and th e  g e l  from th e  h o le s  was sucked  out w i th  
a saw n-o ff  hypodermic n eed le  f i t t e d  w i th  a p i p e t t e  t e a t .  An Agla 
m ic ro sy rin g e  was used  to  f i l l  the  c e n t r a l  h o le  w ith  a n t ig e n  and 
th e  t r a y  p la c e d  in  the  e l e c t r o p h o r e s i s  t a n k .  The b u f f e r  used  in
th e  ta n k  was the  b a r b i t a l  b u f f e r  g iv e n  above. F i l t e r  paper wicks
m oistened  in  the b u f f e r  were p la c e d  a long  the  edge of the  s l i d e  
t r a y  to u c h in g  th e  g e l  and the  o th e r  s id e  d ip p in g  i n t o  the  b u f f e r .
-  56 -
A l l  runs  were a t  a  c o n s ta n t  c u r r e n t  of 60mA, th e  i n i t i a l  
v o l ta g e s  be ing  between 350  and 400v o l t s ,  f a l l i n g  to  ab o u t 250v o l t s  
a t  th e  end of th e  40min e l e c t r o p h o r e s i s .  This gave an i n i t i a l  
v o l ta g e  of between 40 and 50v o l t s / c m .
A f te r  th e  e l e c t r o p h o r e s i s ,  a n t is e ru m  was p i p e t t e d  in t o  the  
troughs  and the  p l a t e s  p la c e d  in  a  hum id ity  c a b in e t  a t  room 
tem p era tu re  f o r  24hours .  U nless  o th e rw ise  re c o rd e d ,  a l l  a n t ig e n s  
were 0 .5 5 ^  s o lu t i o n s  w/v in  normal s a l i n e ,  and a n t i s e r a  were u sed  
u n d i lu te d .
A f te r  th e  s l i d e s  had been c u t  from th e  t r a y ,  th e y  were 
pho tographed , l i t  i n d i r e c t l y  from below by a h igh  i n t e n s i t y  lamp 
f i t t e d  w i th  a  g reen  f i l t e r .  I l f o r d  HP3 o r HP4 35mm f i l m  was used  
in  a Z e is s  C onta rex  camera f i t t e d  w ith  a be l low  e x te n s io n  and an 
f / 2  P la n a r  l e n s .  The e f f e c t i v e  a p e r t u r e  used  w ith  th e  be llow s 
ex tended  was f/ 2 4  r e q u i r i n g  a I s e c .  e x p o su re .  The f i l m  was 
developed  in  I l f o r d  F .F .  C o n tr a s t  d e v e lo p e r  ( d i l u t e d  1 :4  w ith  
w a te r ) ,  a t  20°C f o r  2 ^ i n .
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F• Imm unofluorescence te c h n iq u e s
Coons and h i s  c o l l a b o r a t o r s  were th e  f i r s t  to  use  a n t ib o d ie s  
l a b e l l e d  w ith  f l u o r e s c e n t  compounds ( Coons, C reech  & Jo n e s ,  19415 
Coons, C reech , Jones  and B e r l i n e r ,  1942). S in ce  th e n  t h i s  te ch n iq u e  
has been w id e ly  a p p l i e d ,  e s p e c i a l l y  f o r  th e  d e t e c t i o n  of m ic ro b ia l  
or t i s s u e  a n t ig e n s  i n  s e c t io n s  and in  th e  i n v e s t i g a t i o n  of c e l l u l a r  
a n t ib o d y  p ro d u c t io n .  The te c h n iq u e s  have been rev iew ed  by N airn
(1969).
Three main m o d i f ic a t io n s  of Coon 's  o r i g i n a l  te ch n iq u e  a r e  
most u sed ;  a)  d i r e c t  a n t ig e n  d e t e c t i o n ,  where s p e c i f i c  f l u o r e s c e n t  
an t ib o d y  i s  combined w ith  i t s  a n t ig e n ;  b) i n d i r e c t  a n t ig e n  d e t e c t i o n  
where a n t ig e n  i s  combined w ith  s p e c i f i c  a n t ib o d y  and l a b e l l e d  a n t i ­
gamma g lo b u l in  i s  a p p l i e d ;  and c)  a n t ib o d y  d e t e c t i o n  u s in g  l a b e l l e d  
a n t ig e n .
The f luo rochrom es  used  have v a r i e d  and e a r l y  w orkers used  
is o c y a n a te s  of p o ly n u c le a r  a ro m a tic  hydrocarbons (Coons c t  1941; 
Coons e t  1942; W elle r  & Coons, 1954), f l u o r e s c e i n  i s o c y a n a te  
becoming th e  most p o p u la r  because  of i t s  in t e n s e  f lu o re s c e n c e  (Goldman 
& C a rv e r ,  1957). However, as  i s o c y a n a te s  a r e  u n s t a b l e  and r e q u i r e  
th e  use of phosgene in  t h e i r  p r e p a r a t i o n ,  th ey  have now been l a r g e l y  
superceded  by th e  more s t a b l e  i s o th i o c y a n a t e s ,  e s p e c i a l l y  th o se  of 
f l u o r e s c e i n  and rhodamine B (R ig g s ,  S e iw a ld ,  B u r c k h a l t e r ,  Downs & 
M e tc a l f ,  1958) .
In  t h i s  s tu d y ,  f l u o r e s c e n t  a n t i s e r a  were p re p a re d  in  th e  
hope of d ev e lo p in g  a q u ic k  and easy  way of i d e n t i f y i n g  e x t e r n a l  
mucus smears by th e  d i r e c t  a n t ig e n  method.
Two a n t i s e r a  were l a b e l l e d ;  th e  f i r s t ,  a 'dumn%y run*, u sed
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*B* serum ( i . e .  a n t is e ru m  from th e  *A* s e r i e s  of a n t i - f l u v i a t i l i s  
r a b b i t s  t h a t  was o r i g i n a l l y  e i t h e r  somewhat haem olysed o r  no t v e ry  
s p e c i f i c )  and th e  second run  used  M7 a n t i -m ar in u s  serum.
C o n ju g a tio n  was p receded  by gam m a-globulin i s o l a t i o n  by 
ammonium s u lp h a te  p r e c i p i t a t i o n .  50ml of serum was t i t r a t e d  w ith  
s a t u r a t e d  ammonium s u lp h a te  s o l u t i o n ,  added in  sm all  q u a n t i t i e s  and 
the  p r e c i p i t a t e  r e d i s s o lv e d  by s t i r r i n g .  A f te r  about 20ml. of 
ammonium s u lp h a te  has been added in  t h i s  way, th e  p r e c i p i t a t e  w i l l  
no lo n g e r  r e d i s s o l v e ,  a t  which tim e s u f f i c i e n t  ammonium s u lp h a te  
i s  added to  make up the  t o t a l  added to  25ml. The su sp e n s io n  was 
b ro u g h t to  pH 7 .8  w i th  2N sodium hydrox ide  s o l u t i o n  and s t i r r e d  f o r  
a f u r t h e r  th r e e  h o u rs ,  when i t  was th e n  c e n t r i f u g e d  a t  14000g f o r  
30min. The s u p e rn a ta n t  was d i s c a rd e d  and the  p r e c i p i t a t e  was 
r e d i s s o lv e d  in  50ml of normal s a l i n e .
The p r e c i p i t a t i o n  and r e s o l u t i o n  was r e p e a te d  tw ice  more 
and the  f i n a l  p r e c i p i t a t e  was d i s s o lv e d  in  25ml of b o r a t e - b u f f e r e d  
s a l i n e .  The s o l u t i o n  was d i a ly s e d  a g a i n s t  b o r a t e - b u f f e r e d  s a l i n e  
u n t i l  th e  d i a l y s a t e  was f r e e  from s u lp h a te  i o n s , d e t e c t e d  by add ing  
to  a sm a ll  a l i q u o t  ( a c i d i f i e d  w ith  a drop of d i l u t e  h y d ro c h lo r ic  
a c id )  a few drops of ^  barium  c h lo r id e  s o l u t i o n .
The p r o t e i n  c o n te n t  was e s t im a te d  by th e  B iu r e t  t e s t  (Cam pbell, 
Garvey, Cremer & S u s sd o r f ,  I 964 ) and was found to  be about 1 .5m&/ml. 
The volume of the  gamma g lo b u l in  s o l u t i o n  was m easured and then  
t r a n s f e r r e d  t o a  c h i l l e d  c e n t r i f u g e  tu b e .  F lu o r e s c e in  i s o th io c y a n a te  
C e l i t e  (FIC) was p la c e d  on th e  s u r f a c e  of th e  s o l u t i o n  (0.5mg FIC 
p e r  mg. p r o t e i n ) .  The tube  was c e n t r i f u g e d  under r e f r i g e r a t i o n  
ta k in g  abou t 15min to  re a c h  1400g and th e n  m a in ta in e d  a t  t h i s  l e v e l  
f o r  5min. The sed im en ted  FIC was suspended w ith  a s t i r r i n g  rod  
w ith o u t  foaming b e in g  induced  and th en  t r a n s f e r r e d  to  a 30ml b e a k e r ,  
th e  c e n t r i f u g e  tube b e in g  p la c e d  in  an ic e  b a t h .  The pH of the
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s u sp e n s io n  was r a i s e d  to  8 . 4  by th e  d ropw ise  a d d i t i o n  of b o ra te  
b u f f e r  from a P a s te u r  p i p e t t e  (pH b e in g  m o n ito red  w ith  a  pH m e te r ) .  
This  a d j u s t e d  su sp e n s io n  was r e tu r n e d  to  the  c h i l l e d  c e n t r i f u g e  
tube  and s t i r r e d  g e n t ly  f o r  I h r ,  foaming b e in g  av o id ed .
The s u sp e n s io n  was th en  d ia ly s e d  a t  4°C a g a i n s t  e i g h t  4 - l i t r e  
changes of s a l i n e  a d ju s t e d  to  pH 7 .8  w i th  b o r a te  b u f f e r .  The d i a l ­
y s i s  was c o n t in u e d  f o r  th r e e  d ay s ,  by which tim e th e  d i a l y s a t e  was 
v i s u a l l y  f r e e  of y e l lo w -g re e n  c o lo u r .  The con juga te  was then  
c l a r i f i e d  by c e n t r i f u g a t i o n ,  m e r t h io l a te  a d d e d ( l : 10000 w/v) and 
s t o r e d  in  a r e f r i g e r a t o r ,  (Cam pbell,  Garvey, Cremer & S u s s d o r f ,  I 964) .
Gamma-globulin s o lu t i o n s  and c o n ju g a te s  were t e s t e d  f o r  
a n t ib o d y  c o n te n t  by im m u n o e lec tro p h o re s is .
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G I s o l a t i o n  of s p e c i f i c  a n t ib o d ie s
As most of th e  a n t ig e n s  in  th e  e x t e r n a l  mucus were common 
to  a l l  t h r e e  lam preys,  no serum was w holly  s p e c i e s - s p e c i f i c .  An 
a t te m p t  was th e r e f o r e  made to  s e p a r a t e  th e  s p e c i e s - s p e c i f i c  a n t i ­
b o d ie s  from th o se  common to  o th e r  s p e c i e s .
I f  a n t is e ru m  c o n ta in in g  a n t ib o d ie s  to  A, B and C i s  mixed 
w i th  a n t ig e n  A, th e  an t ib o d y  sh o u ld  r e a c t  w i th  th e  a n t ig e n ,  le a v in g  
f r e e  a n t i -B  and a n t i -C  a n t i b o d i e s .  I f  th e  a n t i - B ,  a n t i -C  c o n ta in in g  
serum i s  removed, th e  a n t i -A  a n t ib o d ie s  can be d i s s o c i a t e d  from the  
a n t ig e n - a n t ib o d y  complex to  g iv e  s p e c i f i c  a n t i -A  a n t ib o d y .
With s o lu b le  a n t ig e n s ,  such as th o se  of the  e x t e r n a l  mucus, 
i t  i s  u s u a l  to  ad so rb  the  a n t ig e n  onto the  s u r f a c e  of an i n s o lu b l e ,  
i n e r t  o r  n o n - r e l a t e d  ' f i l l e r * ,  e . g .  r e d  b lo o d  c e l l s ,  c e l l u l o s e  
d e r i v a t i v e s  &c. I n  t h i s  s tu d y ,  g la s s  beads were u sed ,  the  ad so rp ­
t i o n  and e l u t i o n  of th e  an t ib o d y  a c h iev ed  by the  method g iv en  in  
Cam pbell, Garvey, Cremer and S u ssd o rf  ( I 964) ,  o u t l i n e d  below .
G lass  beqds (100-5005, M innesota  Mining and M anufac tu r ing  
Company, S t .  P a u l ,  M inneso ta ,  U .S .A .) were washed in  c o n c e n t r a te d  
n i t r i c  a c i d  and th e n  th o ro u g h ly  r i n s e d  in  t r i p l e  d i s t i l l e d  w a te r .
The beads were used to  f i l l  a 2 x 25cm chrom atography column. T r ip le  
d i s t i l l e d  w a te r  was sucked upwards th rough  th e  column and th e  volume 
needed to  f i l l  th e  i n t e r s t i c e s  of the  beads r e c o rd e d .  Roughly 
tw ice  t h i s  volume (= 60ml) of a 0 . ^  w/v s o l u t i o n  of f r e e z e  d r i e d  
m arinus mucus in  0.85% s a l i n e  was poured  down th rough  the  column, 
d i s p l a c in g  the  w a te r .  The ou tf lo w  was s to p p e d  j u s t  b e fo re  the  
s u r f a c e  of th e  a n t ig e n  s o l u t i o n  had reach ed  th e  top  of the  b e a d s .
The column c o n ta in in g  th e  a n t ig e n  s o l u t i o n  was k ep t  a t  4^C o v e r n ig h t .
The column was washed th ro u g h  w ith  21 of s a l i n e  and th en  20ml
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of P2 a n t i - p l a n e r i  serum, d i l u t e d  1:2  w ith  s a l i n e ,  was ru n  i n t o  th e  
column which was a g a in  l e f t  o v e rn ig h t  a t  4^C,
31 of s a l i n e  was p assed  th rough  th e  column to  wash out th e  
serum, th e  f i r s t  20ml b e ing  c o l l e c t e d ,  le a v in g  the  adso rbed  a n t ib o d y  
b eh in d  in  the  column. This a n t ib o d y  was e l u t e d  from th e  column 
w ith  g ly c in e -h y d ro c h lo r id e  b u f f e r  a t  pH 3 .0  (g ly c in e  41.8gm; conc . 
h y d ro c h lo r i c  a c id  8 ,3m l; sodium c h l o r i d e  8.5gm; made up to  11 w ith  
d i s t i l l e d  w a te r ) .  The e l u a t e  was c o l l e c t e d  and b ro u g h t to  pH 7*0 
w ith  O.IN sodium hyd rox ide  s o l u t i o n .
The adso rbed  serum was p la c e d  in  d i a l y s i s  tu b in g  as was th e  
e l u a t e  and each of t h e i r  volumes was reduced  to  10ml by p la c in g  th e  
tu b e s  in  c o n ta c t  w ith  p o ly e th y le n e -g ly c o l -6 0 0 0  (= 'C arbow ax ')  f o r  
as  long as  was n e c e s sa ry  ( c a ,  3 h ) ,  The r e s u l t i n g  c o n c e n t r a te s  
were d ia ly s e d  f o r  48h a g a i n s t  s a l i n e .  The a c t i v i t y  of the  serum 
( c o n ta in in g  a n t i - p l a n e r i  and a n t i - f l u v i a t i l i s  a n t i b o d ie s )  and th e  
e l u t e d  a n t ib o d y  ( s p e c i f i c  a n t i -m arinus  an t ib o d y )  were t e s t e d  by 
im m u n o e lec tro p h o re s is .
The i s o l a t i o n  of  a n t i -m arinus  a n t ib o d ie s  p la c e d  a s t r a i n  on 
m arinus a n t ig e n  s u p p l ie s  b u t  because  th e  i d e n t i t y  of marinus i s  n o t  
n e a r ly  so p ro b le m a t ic a l  as  t h a t  of th e  o t h e r s ,  i t  was f e l t  w orth­
w h ile  to  r i s k  an e x p lo ra to r y  run  u s in g  up th e  e x i s t i n g  s to c k s .
A ntigens  from p l a n e r i  and f l u v i a t i l i s  were only  o b ta in e d  a t  
g r e a t  expense of tim e and e f f o r t  and were in  v e ry  s h o r t  su p p ly .  
C onsequen tly  i t  was deemed unwise to  h aza rd  th e s e  s c a r c e  r e a g e n ts  
on th e  s i n g l e  run  t h a t  would be p o s s i b l e  w i th  th e  q u a n t i t i e s  of 
mucus a v a i l a b l e .  Such a run  would have to  be s u c c e s s f u l  i f  th e  
p ro d u c ts  of s i x  months' s c r a p in g  were n o t  to  be w as ted .  I t  seemed 
t h a t  such  a 'once  and f o r  a l l*  t e s t  sh o u ld  be b ased  on e x p e r ie n c e
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of more th an  one method of a n t ib o d y  i s o l a t i o n .  A nother method of 
s p e c i f i c  a n t ib o d y  i s o l a t i o n  has been  used  s u c c e s s f u l ly  i n  s e v e r a l  
runs  w ith  human IgG and r a b b i t  an ti-hum an  IgG a n t i b o d i e s ,  u s in g  a 
s l i g h t  m o d i f ic a t io n  of th e  method d e s c r ib e d  by P o r a th ,  Axen and 
Ernback  (19&7). This  uses  ag a ro se  beads as an i n e r t  f i l l e r  and 
i t  seems l i k e l y  t h a t  t h i s  method would be e q u a l ly  a p p l i c a b l e  to  
lam prey mucus a n t ig e n s  and t h e i r  a n t i b o d i e s .
200mg of Sepharose  2B (P harm acia ,  U ppsa la ,  Sweden), r e p r e s ­
e n te d  by 14ml of the  s u sp e n s io n  s u p p l ie d ,  was d i l u t e d  w i th  10ml 
of d i s t i l l e d  w a te r  and th e  a g a ro se  beads re su sp en d ed .  The 
s u sp e n s io n  was poured  i n t o  a 50ml beak e r  c o n ta in in g  a m agnetic  
s t i r r e r  s lu g  and a pH m eter  e l e c t r o d e .  A l l  subsequen t s t e p s ,  in  
which cyanogen bromide was u sed ,  were perfo rm ed  in  a  fume cupboard .
10ml of a 50mg/ml s o l u t i o n  of cyanogen bromide in  d i s t i l l e d  
w a te r  was added to  the  s u s p e n s io n .  2N sodium hydrox ide  s o l u t i o n  
was added dropw ise d u r in g  v ig o ro u s  s t i r r i n g ,  u n t i l  th e  pH took  5min 
to  r e c o v e r  from 11.5 to  11 .0 .  The Sepharose  was th e n  washed in  a 
s i n t e r e d  g la s s  fu n n e l  a t t a c h e d  to  a vacuum l i n e ,  w ith  10 volumes of 
d i s t i l l e d  w a te r  and 10 volumes of O.IM sodium b ic a rb o n a te  s o l u t i o n ,  
b o th  a t  4^C.
P r o t e i n  s o l u t i o n  a t  4°C (l50mg in  5ml of b o ra te  b u f f e r  w i th  
pH a t  8 . 5 ) was mixed w i th  the  S ep h a ro se .  As 5ml o r  l e s s  were used ,  
i t  was n o t  n e c e s s a ry  to  s t i r  because  th e  Sepharose  c o n ta in e d  t h i s  
volume. The p ro te in /S e p h a ro s e  m ix tu re  was l e f t  a t  4^C f o r  l6 h .
The b o r a te  b u f f e r s  used  were made up th u s :  6 .2 g  b o r ic  a c i d
and 7«15g p o ta ss iu m  c h lo r id e  were made up to  11 # i t h  d i s t i l l e d  w a te r  
and the  pH a d j u s t e d  to  8 .5  w i th  O.IN sodium h y d ro x id e ;  and f o r  
b o r a te  b u f f e r e d  s a l i n e ,  sodium c h lo r id e  was added a t  5 * 8 4 ^ 1 .
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Hypodermic s y r in g e  b a r r e l s  w i th  g la s s  wool p lu g s  in  the  
n o z z le s  were used  as columns. The Sepharose  was packed i n t o  th e  
s y r in g e  and washed f o r  5min w ith  0.03M e thano lam ine  to  i n a c t i v a t e  
any r e s i d u a l  a c t i v i t y .  The columns were th e n  washed w i th  about 10 
volumes of b o ra te  b u f f e r e d  s a l i n e ,  10 volumes of 0.83% s a l i n e ,
10 volumes of O.IM a c e t i c  a c id  and f i n a l l y  10 volumes of b o ra te  
b u f f e r e d  s a l i n e .
A ntibody a d s o rp t io n  and e l u t i o n  was perform ed  a t  4^C w ith  
co n t in u o u s  s p e c tro p h o to m e t r ic  m o n i to r in g  u s in g  an L.K.B. 8300A 
U vicord  I I  (L .K .B . P ro d u c k te r  A .B .,  S tockho lm ).
The column was washed w i th  b o r a te  b u f f e r  u n t i l  th e  b a s e l in e  
on th e  U vicord  was s t a b l e .  U n d ilu te d  a n t is e ru m  was added to  th e  
column a t  th e  r a t e  of 1ml of a n t i s e ru m  to  each  ml of packed S ep h a ro se .  
The a n t is e ru m  was washed th rough  w i th  b o r a te  b u f f e r ,  th o se  f r a c t i o n s  
g iv in g  a l i g h t  t r a n s m is s io n  of 70% or l e s s  on e l u t i o n  b e in g  c o l l e c t e d .  
Washing was c o n t in u e d  u n t i l  t r a n s m is s io n  r e tu r n e d  to  the  base  l i n e  
(= 100%), when th e  a n t ib o d y  was e l u t e d  w i th  IM p ro p io n ic  a c id  (pH 2 .3 )  
E lu a te  showing a t r a n s m is s io n  of 70% or l e s s  was c o l l e c t e d  and 
the  pH a d ju s t e d  to  7 .5  by d i a l y s i s  a g a i n s t  b o r a te  b u f f e r .  The 
column was washed w i th  b o ra te  b u f f e r e d  s a l i n e  u n t i l  the  e l u a t e  
a l lo w ed  100% t r a n s m is s io n .
Adsorbed serum and e l u t e d  a n t ib o d y  were reduced  to  t h e i r  
o r i g i n a l  volumes w i th  p o ly e th y le n e  g ly c o l  6000 as  d e s c r ib e d  above . 
T h e i r  a c t i v i t i e s  and s p e c i f i c i t i e s  were t e s t e d  by immunoelectroph­
o r e s i s  and th e y  were th e n  d ia ly s e d  a g a i n s t  d i s t i l l e d  w a te r  and f r e e z e  
d r i e d  f o r  s t o r a g e .
A column when a d e q u a te ly  washed w i th  b o r a te  b u f f e r e d  s a l i n e  
and th e n  b o ra te  b u f f e r  can be used  f o r  a  f u r t h e r  t h r e e  tim es b u t  
th e  l a s t  run  ten d ed  to  show a f a l l  in  y i e l d .
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H Thin l a y e r  chromatography
When lampreys were u n a v a i la b le  in  s u f f i c i e n t  numbers f o r  
mucus c o l l e c t i o n ,  d u r in g  the  e a r l y  p a r t  of t h i s  s tu d y ,  th e  amino 
a c id s  of lamprey muscle were t e n t a t i v e l y  e x p lo re d  by t h i n  la y e r  
chromât og raphy .
150mg samples of in d iv id u a l  lamprey m uscle ,  from ammocoetes 
and a d u l t  male and female f l u v i a t i l i s  were h y d ro ly se d  w i th  0.3ml 
of 6N h y d ro c h lo r ic  a c i d  in  s e a le d  ampoules a t  llO^C f o r  24h.
A f t e r  c o o l in g ,  the  c o n te n ts  of th e  opened ampoule were d r i e d  under 
vacuum in  a  b o i l i n g  w a te r  b a th .  The d r i e d  r e s id u e  was d i s s o lv e d  
in  2.3ml d i s t i l l e d  w a te r  g iv in g  a h y d ro ly s a te  c o n c e n t r a t i o n  of 
c a ,  ^  w /v. The pH was a d ju s t e d  w i th  O.IN sodium hydrox ide  i f  
n e c e s s a r y .
33g of s i l i c a  g e l  (K ie s e lg u r  G, Merck) made up in  70ml of 
d i s t i l l e d  w a te r  was sp re a d  over f i v e  20 x 20cm p l a t e s  to  g iv e  a 
th i c k n e s s  of c a .  2 3 ^  . When d ry ,  th e  p l a t e s  were a c t i v a t e d  a t  
100°C f o r  30min,
Spots  of h y d ro ly sed  p r o t e i n  s o l u t i o n  were a p p l i e d  w i th  a 
micro—p i p e t t e  in  s e r i a l  c o n c e n t r a t i o n s  of up to  x8, n e a r  th e  lower 
edge of th e  p l a t e .
Good o n e-d im ens iona l s e p a r a t io n s  were o b ta in e d  u s in g  n -  
b u t a n o l / e t h a n o l / d i s t i l l e d  w a te r  in  the r a t i o s  4 :1 :5  and a l s o  by 
m e thano l/benzene  ( 1 :9 )  b u t  th e  most s a t i s f a c t o r y  s o lv e n t  com bination  
was n - b u t a n o l / a c e t i c  a c i d / d i s t i l l e d  w a te r  (130 :3 7 :6 3  w /w ).
Two d im en s io n a l  chromatograms were o b ta in e d  u s in g  n - b u t a n o l /  
a c e t i c  a c i d / d i s t i l l e d  w a te r  ( 4 : 1 : 3 )  in  th e  f i r s t  d i r e c t i o n  and 
p h e n o l / d i s t i l l e d  w a te r  ( 7 5 : 23 ) in  the  second  d i r e c t i o n .
Spo ts  were developed  w ith  n in h y d r in ,  phosphomolybdic a c id
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or p o ly c h ro m a tic  n in h y d r in  (M offat & L y t l e ,  1959)» t h i s  l a s t  
p ro v in g  the  most u s e f u l .
When mucus was a v a i l a b l e ,  some chromatograms of d ia ly s e d ,  
h y d ro ly sed  mucus y ie ld e d  no r e s u l t s ,  d o u b t le s s  due to  th e  i n e v i t a b l y  
low c o n c e n t r a t i o n  of th e  mucus. This  l i n e  of i n v e s t i g a t i o n  was 
no t  p u rsu ed  because  the  mucus cou ld  n o t  be s p a re d .
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I I I  RESULTS
A O b se rv a t io n s  on th e  spawning of lampreys
W hile c o l l e c t i n g  m a te r i a l  f o r  t h i s  and o th e r  r e s e a r c h  in  
the  Group, the  spawning b eh av io u r  of P .  m arinus and L . p l a n e r i  
has been o bse rved .  A lthough L. f l u v i a t i l i s  have been found 
on spawning grounds s e v e r a l  t im e s ,  spawning has been seen  only 
once and w a te r  c o n d i t io n s  were such t h a t  c lo s e  o b s e rv a t io n  was 
im p o s s ib le .
Spawning occurs  in  d i s c r e t e  r e g io n s  of th e  headw aters  of 
r i v e r  system s a t  s i t e s  which have the  c o r r e c t  s u b s t r a t e ,  w a te r  
speed  and d e p th .  A l l  th r e e  B r i t i s h  lampreys m ig ra te  ups tream  
u n t i l  th e  f i n d  th e  r i g h t  c o n d i t io n s  o r  u n t i l  f u r t h e r  ups tream  
m ig ra t io n  i s  p re v e n te d  by a w e ir  or n a t u r a l  o b s ta c le  such  as 
e x te n s iv e  s h o a l s .  They l i e  in  deep w a te r  among s to n e s  below 
th e  impediment u n t i l  they  a r e  r i p e  when th e y  move to  th e  n e a r e s t  
s u i t a b l e  s i t e  downstream.
A l l  of the  spawning s i t e s  of marinus and f l u v i a t i l i s  a re  
remote from Bath and e n t a i l  le n g th y  jo u rn e y s .  L . p l a n e r i  s i t e s  
a r e  c l o s e r  and hence most of th e  o b s e rv a t io n s  r e l a t e  to  t h i s  
an im a l .  F u r th e rm o re ,  p l a n e r i  have been induced  to  spawn in  
an aquarium  ta n k  a f t e r  the  p r o v i s io n  of a s u i t a b l e  c u r r e n t .
The o b s e rv a t io n  of spawning e n t a i l s  f i r s t l y  the  l o c a t i o n  of 
a  s i t e  on a r i v e r ,  o f t e n  by th e  s i g h t i n g  of red d s  fo l lo w in g  th a t  
y e a r ' s  spawning and seco n d ly  by v i s i . t i n g  th e  s i t e  in  th e  fo llo w ­
in g  y e a r  when c o n d i t io n s  a re  e x a c t ly  r i g h t .  Spawning l a s t s  f o r  
on ly  a few days each  y e a r  and th e  t im in g  depends upon the  matur­
a t i o n  of th e  an im als  c o in c id in g  w ith  a s u i t a b l e  w a te r  tem p era tu re  
and l i g h t  c o n d i t io n s  so i t  i s  no t s u r p r i s i n g  t h a t  th e s e  o bser­
v a t io n s  a re  l i m i t e d .
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1 The spawning of  L.  p l a n e r i
Brook lampreys l i e  under s to n e s  i n  the  v i c i n i t y  of the  
spawning s i t e  u n t i l  they  a r e  r i p e  and w a te r  c o n d i t io n s  a re  
s u i t a b l e .  When the  w a te r  te m p e ra tu re  reac h es  l l ^ C ,  u s u a l ly  
i n  th e  l a t e  morning around A p r i l  1 0 th ,  a d u l t s  can be seen  swimming 
over a s u i t a b l e  s u b s t r a t e  w ith  g r a v e l  and s to n e s  ( s e e  redd  meas­
urement d a t a ) ,  th e  i n t e r s t i c e s  of which a re  f i l l e d  w i th  sand .
The s i t e  chosen  i s  o f te n  j u s t  downstream from a  s h a l lo w e r  r e g io n  
in  which the  s u r f a c e  i s  r i p p l e d .  There i s  a l a r g e  s to n e  or 
sm a ll  b ranch  q u i t e  o f te n  j u s t  i n  f r o n t  of the re d d ,  and t h i s  or 
th e  sh a l lo w e r  w a te r  perhaps produces  the  'd es ired *  w a te r  tu rb u le n c e  
c o n d i t io n s  f o r  s u c c e s s f u l  spaw ning. A s in g l e  re d d  has been 
found to  c o n ta in  up to  200 a n im a ls ,  a l th o u g h  t h i s  i s  an ex ce p t­
i o n a l l y  h igh  number b rough t abou t by an im passab le  w e ir  j u s t  
above the  r e d d .  10 occupan ts  in  a red d  i s  more l i k e  th e  u su a l  
number.
I n d iv id u a l s  of b o th  sexes  p a r t i c i p a t e  in  th e  r e d d  b u i l d in g .
An anim al sucks on to  a s to n e  and v ig o ro u s ly  swims u n t i l  the  
s to n e  i s  d is lo d g e d  when th e  anim al te n d s  to  be c a r r i e d  downstream 
by th e  c u r r e n t .  I t  th e n  drops the  s to n e  and r e t u r n s  f o r  a n o th e r .  
This  p ro c e s s  in  c o n t in u e d  f o r  some hours  u n t i l  a l l  of th e  s to n e s  
have been removed and th e  f l o o r  of th e  red d  c o n s i s t s  of a l a y e r  
of f i n e  san d .  By now, th e  red d  i s  q u i t e  co n sp icu o u s ,  b e in g  much 
l i g h t e r  in  c o lo u r  th a n  th e  su r ro u n d in g  r i v e r  bed w i th  i t s  a l g a l  
c o a t in g .  I f  s to n e s  a re  too  la rg e  to  be moved by a s in g l e  lamprey 
th e y  can  sometimes be moved by two or  more an im als  p u l l i n g  
t o g e t h e r .  This  c o in c id e n t  p u l l i n g  i s  p r o g r e s s iv e ly  more l i k e l y  
as  few er s to n e s  rem ain  in  the  redd  and i t  i s  n o t  s u g g e s te d  th a t  
t h e r e  i s  d e l i b e r a t e  c o l l a b o r a t i o n .
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A lthough redd  b u i ld in g  has been observed  in  o v e rc a s t  
c o n d i t i o n s ,  the  even ts  nex t t o  be d e s c r ib e d  have on ly  been seen  
d u r in g  s u n s h in e ,  p o s s ib ly  because  th e  a c t u a l  m ating  p ro c e s s  needs 
v i s u a l  c u e s . I n  l a t e  A fte rnoon  ( c a .  4-«00p.m.) as  th e  sun drops 
the  an im als  d i s p e r s e  and r e t u r n  on th e  fo l lo w in g  day i f  they  a re  
n o t  s p e n t .  I f  they  a re  s p e n t ,  they  d r i f t  downstream and d i e .
The female swims to  th e  f r o n t  of the  red d  and f a s t e n s  on to  
a s to n e  and t r i e s  to  move i t .  I f  i t  can be moved th e re  i s  o f te n  
a r e v e r s io n  to  red d  b u i l d in g ,  a l th o u g h  i f  t h e r e  i s  a  male c lo s e  
by, a f r u i t l e s s  a t te m p t a t  p a i r i n g  may occur w i th  b o th  an im als  
d r i f t i n g  downstream. I f  the s to n e  i s  im mobile, th e  female 
a rc h e s  h e r  back in  the  r e g io n  of th e  f i f t h  g i l l  opening and th e  
body becomes r i g i d  w ith  the  t a i l  s l i g h t l y  upcu rved .  At t h i s  
s ta g e  she waves h e r  body from s id e  to  s i d e ,  u s u a l l y  w ith  s u f f i c i e n t  
v ig o u r  to  s t i r  up a c loud  of sand from th e  f l o o r  of the  re d d .
T his  appea rs  to  be a key s t im u lu s  f o r  th e  male who r a p id l y  
sucks  on to  the  back of the  head of th e  fem a le .  B ehav io u ra l  
r e l e a s e r s  a re  d i s c u s s e d  by S c h le id t  (1962 & I 964) .  O ften  a t  
t h i s  s ta g e  th e  fem ale r e la x e s  h e r  g r i p  on th e  s to n e  and the  
manoeuvre a b o r t s  w ith  bo th  p a r t i c i p a n t s  d r i f t i n g  downstream.
I f  th e  female rem ains a t t a c h e d  to  th e  s to n e ,  th e  male c o i l s  h i s  
t a i l  around th e  r i g h t  s id e  of th e  body of th e  fem ale  w ith  the 
p a p i l l a  of the  male opposed to  th e  g e n i t a l  opening of the  fem a le .  
Then fo llow s  a v ig o ro u s  shak ing  of b o th  an im als  w i th ,  one assum es, 
th e  c o in c id e n t  r e l e a s e  of eggs and m i l t .  This  p ro c e s s  l a s t s  
f o r  a t  most 2 s e c s ,  a f t e r  which the fem ale r e l e a s e s  h e r  h o ld  on 
th e  s to n e  and th e  an im als  d r i f t  downstream w h i l s t  d is e n g a g in g .
The eggs a r e  presum ably q u ic k ly  f e r t i l i s e d  and s in c e  they  a re  
s t i c k y  when r e l e a s e d  they  adhere  to  sand  g r a in s  i n  th e  f l o o r  of 
th e  r e d d .  The fem a le s ,  and l e s s  o f t e n  th e  m a les ,  fa n  t h e i r  t a i l s
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v ig o r o u s ly ,  sen d in g  a c loud  of sand  downstream in  the  w a te r  
c u r r e n t .  This  c lo u d  of sand in c lu d e s  eggs, w e ig h ted  down w ith  
a d h e r in g  sand  g r a i n s .  When th e  san d  and w eig h ted  eggs s e t t l e  
in t o  th e  i n t e r s t i c e s  of s to n e s  downstream from th e  re d d ,  the  
eggs a re  p r o t e c t e d  from p r e d a to ry  f i s h e s  such as  e e l s  and C o ttu s  
which a re  o f te n  found in  or n e a r  redds  d u r in g  spaw ning.
Q u ite  o f te n  two or th r e e  males w i l l  s im u l ta n e o u s ly  couple  
w ith  one fem ale , a l l  a p p a re n t ly  s u c c e s s f u l l y  com p le tin g  the 
m a tin g .
On o c c a s io n s ,  a l th o u g h  th e  male f a s t e n s  on to  th e  head of 
the  fem a le ,  h i s  a t te m p t to  c o i l  a round the  fem ale i s  no t s u c c e s s f u l  
T h is  a p p a r e n t ly  does no t p re v e n t  b o th  an im als  from re a c h in g  a 
c l im ax  s in c e  b o th ,  a t t a c h e d  on ly  a t  the  head , fo l lo w  th e  w r i th in g  
of a normal p a i r i n g  f o r  th e  same d u r a t i o n .  This  has tw ice  been 
f i lm e d  and i t  i s  a  t y p i c a l  f ix e d  a c t i o n  p a t t e r n  which has to  be 
com pleted  once i n i t i a t e d  ( f i x e d  a c t io n  p a t t e r n s  a r e  d e s c r ib e d  by 
E i b l - E i b e s f e l d t ,  1970).
The e n t i r e  sequence of e v e n ts  appea rs  to  be c l o s e l y  c o -o rd in ­
a t e d  by b e h a v io u ra l  r e f l e x e s ,  as  might be e x p e c te d ,  and a  h igh  
f e r t i l i s a t i o n  r a t e  i s  l i k e l y .
Lohnisky ( 1966) d e s c r ib e d  th e  spawning of p l a n e r i , as d id  
S c h u l t z  ( 1930) .  Lohnisky s t a t e s  t h a t  ' t h e  male fo llow ed  the  
fem ale swimming about th e  n e s t  a t  a l l  t im e s ,  and as soon as  the  
fem ale  adhered ,  the  male approached  from beh ind  and a t t a c h e d
h i m s e l f    c o i l i n g  of th e  male around the  female fo l lo w in g
im mediately* Lohnisky m entions on ly  a few case s  where p a i r i n g  
was p reced ed  by the  g r a v e l - c l e a r i n g  type  of t a i l  l a s h in g  of th e  
fe m a le .  In  no case  d u r in g  our o b s e rv a t io n s  of p l a n e r i  or
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m arinus d id  a male p e r s i s t e n t l y  fo l lo w  a fem a le ,  and a l l  a t te m p ts  
a t  p a i r i n g  were p receded  by t a i l  la s h in g  by the  fe m a le .  F u r th e r ,  
t h i s  t a i l  shak ing  b eh av io u r  seemed to  be the  key s t im u lu s  f o r  the  
whole subsequen t m ating  p a t t e r n .  Males showed no i n t e r e s t  in  
fem ales  t h a t  were n o t  t a i l - l a s h i n g  b u t  would approach  and a t t a c h  
t o ,  and even a t te m p t to  mate w i th  males t h a t  were showing the  
key s t im u lu s .
The f a c t  t h a t  males d id  n o t appea r  to  fo l lo w  th e  fem ales  as  
re c o rd e d  by Lohnisky ( I 966) in  our aquarium  o b s e rv a t io n s  may have 
been due to  th e  abnormal s i t u a t i o n ,  a l th o u g h  i t  has n o t  o f t e n  
been observed  in  the  f i e l d .
Young and Cole ( I 900) d e s c r ib e d  th e  spawning of a n o th e r  brook 
lam prey , L. w i l d e r i , b u t  on ly  v e ry  b r i e f l y .
2 The spawning of P . marinus
The spawning of  th e  se a  lamprey fo l lo w s  th e  same b a s i c  p a t t e r n  
d e s c r ib e d  above b u t  i t  i s  n e c e s s a r i l y  on a much l a r g e r  s c a l e .  
M ature , b u t  u n r ip e  m arinus f i r s t  appea r  in  the  spawning reac h es  
in  l a t e  May b u t  th ey  a r e  p ro b ab ly  p r e s e n t  in  lower reac h es  of 
the  r i v e r s  from th e  p re v io u s  Autumn. F a c to rs  in f lu e n c in g  the  
t im in g  of t h i s  a r r i v a l  on th e  spawning grounds a re  w a te r  temper­
a t u r e  and the  volume of w a te r  in  the  r i v e r s .  Sexual m a tu ra t io n ,  
a l th o u g h  i n t r i n s i c a l l y  r e g u la t e d ,  i s  p ro b ab ly  h a s te n e d  by r i s i n g  
te m p e ra tu re s  b u t  the  g r e a t e s t  ups tream  movement ta k e s  p la c e  when 
th e  r i v e r s  a re  h ig h  a f t e r  a p e r io d  of heavy r a i n .
The changes a s s o c i a t e d  w ith  s e x u a l  m a tu r i t y  a r e  p ro g re s s iv e  
and a r e  no t a l l  f u l l y  e x p re s s e d  u n t i l  th e  an im als  a r e  r i p e  and 
ready  f o r  spaw ning . The fem ales  become t u r g i d  w ith  eggs and 
have a sw o llen  c lo a c a  and in  b o th  sexes  th e  d o r s a l  f i n s  become 
c o n t in u o u s .  The males have a prom inen t u r i n o g e n i t a l  p a p i l l a
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and a c o r d - l i k e  r id g e  develops  a long  the  b a c k .  D eg en e ra t iv e  
changes a r e  c o n c u r re n t ;  th e  t e e t h  become b lu n t  and some drop  o u t;  
th e  eyes d e g e n e ra te  which i s  s u r p r i s i n g  i f  v i s u a l  c lu e s  a r e  
im p o r ta n t ;  the gu t becomes n o n - f u n c t io n a l  and the l i v e r  f i l l s  
w i th  b i l e  breakdown p r o d u c ts .  The g e n e ra l  c o n d i t io n  of the  
an im al d e t e r i o r a t e s  and i t  becomes i n a c t i v e  e x ce p t  in  th o se  a s p e c t s  
of b eh av io u r  a s s o c i a t e d  w i th  spaw ning. Fungal i n f e c t i o n  of 
wounds, p ro b ab ly  by S a p r o le g n ia , becomes g e n e r a l ,  w h ile  t h i s  i s  
on ly  an o c c a s io n a l  c o n d i t io n  in  immature a d u l t s .  A few r i p e  
m a r in u s , ta k e n  from an U lc e r a te d  Dermal N e c ro s is  i n f e c t e d  r i v e r  
showed u l c e r s  v e ry  s i m i l a r  to  th o se  produced  in  salmon by t h i s  
d i s e a s e  a l th o u g h ,  as f a r  as  i s  known, th e r e  a re  no r e p o r t s  of 
t h i s  d i s e a s e  i n  lam preys .  I n  com parison, p l a n e r i  a t  spawning 
a re  in  v e ry  good c o n d i t io n  w ith  symptoms of d e g e n e ra t iv e  changes 
b e in g  m inor. Spawning f l u v i a t i l i s  a r e  in t e rm e d ia te  in  p h y s ic a l  
c o n d i t io n ,  a l th o u g h  i t  i s  no t uncommon f o r  th e  sn o u ts  of the  
an im als  to  be damaged and i n f e c t e d  w ith  fungus and the  eyes a r e  
o f t e n  becoming opaque.
P . m arinus swim upstream  u n t i l  th ey  re a c h  a b a r r i e r  such as 
a w e ir  under which they  l i e  in  deep w a te r  u n t i l  th e y  a re  s e x u a l ly  
r i p e .  When th e  r i v e r  i s  e x c e p t io n a l ly  h igh  th e  lampreys may 
be ab le  to  surmount a no rm ally  im passab le  w e ir  and th en  c o n t in u e  
u ps tream  f o r  s e v e r a l  m iles  b e fo re  spaw ning. This  happened in  
th e  r i v e r  Tawe in  Devon in  I 968 when the  an im als  were seen  
spawning a t  L ap fo rd ,  s e v e r a l  m ile s  ups tream  from t h e i r  u su a l  
s i t e .
When th ey  a r e  h e ld  by a  b a r r i e r  they  drop  downstream to  a 
s u i t a b l e  spawning s i t e  when th e y  a r e  r ip e #  I t  i s  p o s s i b le  t h a t  
l a t e r  ups tream  m ig ran ts  a r e  c h e m ic a l ly  a t t r a c t e d  to  th e  spawning
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grounds by th e  r i p e  a d u l t s  a l r e a d y  t h e r e ,  P .  m arinus have 
been  found on t h e i r  spawning grounds between l a t e  Ma^ and J u ly  
a l th o u g h  a warm S p r in g  may advance th e  b re e d in g  sea so n  by a week 
o r  two and a few s p e n t  in d iv id u a l s  may be found as  l a t e  as  A ugust.
A l l  of th e  marinus spawning grounds d i s c o v e re d  have been in  
the  c l e a r ,  f a s t  f low ing  w a te r s  of l a rg e  r i v e r s .  D ata r e p o r te d  
under red d  measurements g iv e  an  i n d i c a t i o n  of the  p r e f e r r e d  
c o n d i t i o n s .  A d r i f t  su rvey  of a p a r t  of th e  r i v e r  Tywi 
r e v e a le d  a few s c a t t e r e d  redds over abou t 2 m iles  of a p p a r e n t ly  
i d e n t i c a l  r i v e r .  There i s  no w e ir  h e re  to  b a r  f u r t h e r  ups tream  
p r o g r e s s .  I t  i s  p o s s i b l e  t h a t  the  p o p u la t io n  i s  so sm a l l  t h a t  
many a p p a re n t ly  i d e a l  s i t e s  a r e  l e f t  unused .
I t  i s  n o t i c e a b l e  d u r in g  m arinus spawning and redd  b u i l d in g  
how im p o rtan t  s to n e  s i z e  can b e .  The an im als  cannot move s to n e s  
above an upper w eigh t l i m i t .  The l a r g e s t  s to n e  found in  a s to n e  
p i l e  weighed 2 ,3kg  in  a i r  and the  average  a d u l t  marinus w eigh t in  
i s  730g. Under w a te r ,  th e  e f f e c t i v e  w eigh t d i f f e r e n c e s  a re  
much g r e a t e r  s in c e  the  m arinus w i l l  be a lm ost n e u t r a l l y  buoyant 
and th e  s to n e s  must be moved as a r e s u l t  of th e  a n im a l 's  mechan­
i c a l  pu rchase  on th e  w a te r .  The upper l i m i t  in  s to n e  s i z e  i s  
w eigh t and the  lower l i m i t  i s  the  s u r f a c e  a r e a  of the  s to n e  which 
can  j u s t  be g r ip p e d  by the  s u c k e r .  The s m a l l e s t  s to n e s  found 
in  a m arinus s to n e p i l e  were 7cm in  d ia m e te r  ( th e  l a r g e s t  were 
30c m .) .
The b eh av io u r  p a t t e r n  d u r in g  red d  b u i l d in g  and p a i r i n g  i s  
s i m i l a r  to  t h a t  d e s c r ib e d  f o r  p l a n e r i ,  ex ce p t  t h a t  th e re  i s  
g e n e r a l ly  only  one of each sex  in  a  red d  ( e x c e p t io n a l ly  th r e e  
a n im a ls )  and th e  p ro c e s s  i s  more s lo w ly  e x e c u te d .  The t a i l  
f an n in g  of the  female a g a in  i s  a p p a r e n t ly  the  r e l e a s e r  f o r  the  
m ale, who a t t a c h e s  to  th e  body about midway a lo n g  and then
-  73 -
n u z z le s  h i s  way a lo n g  to  th e  head , m a in ta in in g  con tin u o u s  c o n ta c t  
w ith  the  fe m a le .  A b o r t iv e  co u p l in g s  seem to  be l e s s  f r e q u e n t  
i n  marinus th a n  th ey  a re  in  p l a n e r i , perhaps  because  th e  an im als  
a r e  l e s s  v u ln e ra b le  to  c u r r e n t  in  the  r e d d .
When th e  an im als  a re  sp e n t  th ey  d r i f t  downstream and d i e .
3 ,  The spawning of L. f l u v i a t i l i s
As r e p o r te d  above, t h i s  has been observed  once only  and then  
u n s a t i s f a c t o r i l y .  Our v i s i t s  to  th e  spawning s i t e s  have g e n e r a l ly  
been e i t h e r  a day o r  two too  e a r l y  o r  to o  l a t e ,  o r  i f  the  an im als  
were in  the  r e d d s ,  c o n d i t io n s  such as  l i g h t  have n o t  been c o r r e c t  
f o r  spawning to  o c c u r .  In  s p i t e  of th e r e  b e in g  no d e s c r i p t i o n  
of t h e i r  spawning b eh av io u r  to  offer^ some g e n e ra l  co n c lu s io n s  
can  be drawn.
R iv e r  lampreys ap p ea r  to  spawn on s i t e s  c lo s e  to  th o se  on 
which m arinus w i l l  spawn l a t e r  in  th e  y e a r ,  a l th o u g h  th e y  s e l e c t  
a d j a c e n t  s t r e t c h e s  where r i v e r  s o r t i n g  has l e f t  s m a l le r  s to n e s  
on the  bed of th e  r i v e r .  The c r i t i c a l  te m p e ra tu re  seems to  be 
1 1 as  in  p l a n e r i . On a lm ost every  o cc a s io n  when f l u v i a t i l i s  
has been  found in  r e d d s ,  a few p l a n e r i  have been found in  o r  n ea r  
th e  r e d d s ,  sometimes spawning, as  r e p o r t e d  by Huggins and Thompson 
( 1970) .  As many as a  dozen female f l u v i a t i l i s  have been seen  
in  one red d  w i th  only  one male, b u t  t h i s  has been when most of 
the  an im als  were sp e n t  and i t  i s  u n l i k e ly  to  r e p r e s e n t  the  
s i t u a t i o n  when th e y  a r e  a c t u a l l y  spaw ning.
Because of th e  te m p e ra tu re  dependence of th e  a n im a ls ,  a  wave 
of spawning moves northw ards  over th e  c o u n t ry .  New F o re s t  
p l a n e r i  a r e  g e n e r a l ly  the  f i r s t  t o  spawn, fo l lo w ed  by p l a n e r i  
in  s tream s around Som erset and l a t e r  by th o se  in  Welsh r i v e r s .
The same p a t t e r n  i s  p ro b ab ly  fo llo w ed  by f l u v i a t i l i s . Marinus
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spawning i s  g e n e r a l ly  f i r s t  observed  in  the  r i v e r  Tawe in  Devon, 
c l o s e l y  fo llo w ed  by Welsh and S h ro p sh i re  s i t e s ,  a l th o u g h  i t  te n d s  
to  l a s t  f o r  a lo n g e r  p e r io d  (p e rh ap s  up to  a f o r t n i g h t )  a l th o u g h  
t h i s  i s  a s u b je c t iv e  im p re s s io n .
O ther  d e s c r i p t i o n s  of spawning b eh av io u r  have been g iven  by 
H ag e lin  and S t e f f n e r  (1958) f o r  f l u v i a t i l i s , and by A pplegate  
( 1950) f o r  th e  la n d - lo c k e d  P .  marinus in  the  G rea t Lakes.
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4  A r t i f i c i a l  f e r t i l i s a t i o n  of lamprey eggs
A l l  th r e e  B r i t i s h  lampreys have been s u c c e s s f u l l y  s t r i p p e d  
of eggs and m i l t  in  th e  l a b o r a to r y  to  produce em bryos. V iab le  
h y b r id s  between p l a n e r i  and f l u v i a t i l i s  have a l s o  been produced  
in  t h i s  way a l th o u g h  i t  i s  no t known w hether  th e y  w i l l  metamorphose 
b ecause  of th e  long  ammocoete l i f e .  These h y b r id s  a r e  b e in g  
te n d ed  as p a r t  of the  programme of a n o th e r  r e s e a r c h e r  and w i l l  
d o u b t l e s s  be the  s u b je c t  of a r e p o r t  in  th e  fu tu re *
S t r i p p i n g  in  a l l  th r e e  an im als  i s  s i m i l a r ,  so th e  o p e ra t io n  
w i l l  be d e s c r ib e d  f o r  f l u v i a t i l i s  o n ly ,  fo l lo w ed  by b r i e f  
comments on the  o th e rs  l a t e r .
Two c le a n  enamel t# ay s  (ca  30 x 20 x 5cm deep) c o n ta in in g  
ab o u t 1 cm dep th  of d i s t i l l e d  w a te r  a r e  p la c e d  on a  bench . The 
an im als  f o r  s t r i p p i n g  a r e  s e l e c t e d  f o r  r i p e n e s s .  The fem ales 
have a b lo a te d  d o r s a l  f i n  s u f fu s e d  w i th  b lood  and a sw o llen  
c l o a c a .  The body i s  swollen, w i th  eggs and i f  she i s  r e a l l y  r i p e  
some eggs may be e x t ru d e d  when th e  an im al i s  h a n d le d .  At l e a s t  
two such an im als  a re  i s o l a t e d  in  an aquarium  ta n k .
The males a re  r i p e  when t h e i r  u r i n o g e n i t a l  p a p i l l a  p ro t ru d e s  
and th e  whole body has a d a rk  b ronze c o l o u r a t i o n .  M il t  may be 
e j e c t e d  when th e  an im als  a re  h a n d led .  At l e a s t  two a r e  p la c e d  
in  a s e p a r a t e  aquarium  ta n k .
The fem ale i s  caught and h e ld  f i rm ly  by th e  head and the  g i l l  
r e g io n .  A wet c l o t h  w i l l  f a c i l i t a t e  th e  g r ip p i n g .  The r i g h t  
hand squeezes  th e  anim al t i g h t l y  beh ind  the g i l l  r e g io n  and th e  
hands a r e  drawn a p a r t ,  m a in ta in in g  the  sq u e e z e .  This  a c t i o n  
may have to  be r e p e a te d  s e v e r a l  tim es b e fo re  eggs a re  e x t ru d e d ,  
e s p e c i a l l y  i f  the anim al i s  n o t  q u i t e  r i p e .  When th e  eggs
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a re  e x t ru d e d ,  i t  may r e q u i r e  s e v e r a l  movements to  expe l them 
a l l .  The l a s t  few eggs may be accompanied by b lood  s t a i n e d  
p e r i t o n e a l  f l u i d  and s in c e  t h i s  may a d v e r s e ly  a f f e c t  f e r t i l i s a t i o n ,  
i t  i s  b e t t e r  to  le av e  the  l a s t  few eggs in  th e  fem a le .
The appearence  of the eggs when e x tru d e d  g iv e  an i n d i c a t i o n
of th e  l ik d ih o o d  of f e r t i l i s a t i o n .  S u i t a b l e  eggs a re  a p a le  
cream c o lo u r  and i f  they  a re  s l u i c e d  about by t i l t i n g  the t r a y  
th ey  w i l l  r a p i d l y  form a monolayer and adhere  to  th e  bo ttom .
They ap p ea r  no t to  be s e l f - a d h e s i v e .  I f  the  eggs a re  l i k e l y  
to  be i n f e r t i l e ,  they  a re  brow nish  in  c o lo u r  and adhere  only  weakly
i f  a t  a l l .  I n  t h i s  case  the  second fem ale i s  s t r i p p e d  i n t o  th e
n ex t t r a y .
A lthough K i l l e  ( I 960 ) s u g g e s te d  t h a t  lamprey eggs can be 
f e r t i l i s e d  only  d u r in g  th e  f i r s t  $0 sec  a f t e r  e x t r u s i o n ,  t h i s  
has n o t  been found to  be the c a s e .  I t  has happened t h a t  s e l e c t e d  
males co u ld  n o t  be s t r i p p e d  of m i l t  on o c c a s io n s ,  no m a t te r  how 
r ip e  th e y  had appeared  to  be and more males have had to  be 
s e l e c t e d  from the  s to c k  t a n k s .  On o c c a s io n s ,  as long  as  fo u r  
m inu tes  has e la p s e d  between the e x t r u s i o n  of th e  eggs and t h e i r  
coverage  by m i l t .  This  may be an im p o r tan t  o b s e rv a t io n  as  
w i l l  be seen  from the  d i s c u s s io n .
The male i s  h e ld  over the t r a y  of r i p e  eggs and s t r i p p e d  of 
m i l t  u s in g  th e  same te c h n iq u e  as  f o r  the  fe m a le .  The t a i l  of 
the  male i s  much more a c t i v e  th an  t h a t  of th e  female and i t  
tends  to  c u r l  a round the  r i g h t  hand of the  o p e r a to r  so c a re  has 
to  be ta k en  to  p o in t  the  p a p i l l a  towards th e  eg g s .  I f  the  male 
i s  r i p e ,  the  m i l t  i s  e a s i l y  e x t ru d e d ,  c a r e  b e in g  tak en  to  av o id  
the  r e l e a s e  of p e r i t o n e a l  f l u i d  as in  the  fe m a le .  The second
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male i s  p rom ptly  s t r i p p e d  over the  eg g s .  A l l  an im als  a re  
r e tu r n e d  to  an aquarium ta n k  u n t i l  i t  i s  co n v en ien t  to  k i l l  
them.
Once the  m i l t  i s  in  th e  t r a y  w i th  th e  eggs ,  the  w a te r  i s  
s l u i c e d  from end to  end in  o rd e r  to  d i s t r i b u t e  th e  sperm . The 
t r a y  i s  then  l e f t  f o r  one o r  two m in u te s ,  a f t e r  which the w a te r  
i s  d e ca n ted  and r e p la c e d ,  a g a in  to  a d ep th  of abou t 1cm. This  
i s  l e f t  f o r  15min and a g a in  s i m i l a r l y  r e p la c e d .  At t h i s  s ta g e  
th e  tp a y  i s  p la c e d  in  a c o n s ta n t  te m p era tu re  room a t  15°C, i . e .  
th e  approx im ate  s tre a m  te m p e ra tu re .
A f t e r  about 1% days c le av ag es  can be seen  in  the eggs and 
they  lo s e  t h e i r  ad h es io n  to  th e  t r a y .  I n f e r t i l e  eggs sh o u ld  
be removed i f  p o s s i b l e  s in c e  th ey  r a p i d l y  become covered  in  
fu n g a l  hyphae which t r a p  th e  h a tch ed  ammocoetes l a t e r .  A f te r  
abou t a f o r t n i g h t  th e  ammocoetes h a tc h  and become f r e e  swimming. 
U n t i l  t h i s  s ta g e  th e  w a te r  sh o u ld  be changed eve ry  two d ays ,  b u t  
when th e  la rv a e  a r e  swimming i t  has been found p r e f e r a b l e  to  
a r ra n g e  f o r  a con t in u o u s  flow change of w a te r .  The ammocoetes 
swim f r e e l y ,a b s o r b i n g  t h e i r  y o lk  sa c s  f o r  abou t the  n ex t  te n  
d a y s .  As soon as the  y o lk  has been r e s o rb e d  th e  h i t h e r t o  
t r a n s p a r e n t  an im als  become pigm ented and burrow , so f i n e  s i l t y  
mud sho u ld  be p ro v id e d .
U sing t h i s  r o u t in e  th e r e  have been few f a i l u r e s  and i t  i s  
s u g g e s te d  t h a t  p ro v id ed  the  an im als  a r e  r i p e ,  f e r t i l i s a t i o n  w i l l  
o c c u r .
The s t r i p p i n g  of p l a n e r i  i s  s i m i l a r l y  a c h iev ed  b u t  th ey  must 
be p inched  between th e  thumb and f o r e f i n g e r  of the  l e f t  hand.
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and s t r i p p e d  by p in c h in g  th e  body between th e  b a l l  of the  
r i g h t  thumb and th e  top  j o i n t  of th e  r i g h t  f o r e f i n g e r .  T h e i r  
sm a ll  s i z e  makes d i r e c t i o n a l  s q u i r t i n g  of the  m i l t  a lm ost imposs* 
i b l e  and much of i t  ends up on th e  f i n g e r s .  As long as th ey  
a re  p rom ptly  r i n s e d  in  th e  w a te r  in  th e  t r a y ,  t h i s  i s  of no 
consequence .
The s t r i p p i n g  of marinus fo l lo w s  a  s i m i l a r  p a t t e r n  to  t h a t  
of f l u v i a t i l i s  b u t  because  they  a r e  so p o w erfu l ,  i t  i s  h e l p f u l  
t o  have a s s i s t a n c e  in  h o ld in g  th e  a n im a ls .  L a rg e r  d ish e s  a re  
d e s i r a b l e  because  th e  abundant eggs w i l l  n o t  r e a d i l y  form a 
monolayer in  th e  t r a y s  d e s c r ib e d .
Water s u r f a c e .
c u r r e n t
V e r t i c a l  lo n g i tu d in a l  s e c t i o n  of redd
Stone p i l e
P lan  of 
r e d d ,
/
Figure  l 6 . Diagram of the  average P. marinus redd, 
(S ca le  = X O0O5 )
(Fac ing  p« 79)
water s u r fa c e
c u r re n t
-------------------------------------------------------------- l i  > .
V e r t ic a l  lo n g i tu d in a l  s e c t i o n  of redd,
P lan  of redd S to n e p i le
/\
Figure  l6 ( c o n t in u e d ) . Diagram of the average L, p la n e r i
red d ,  (S ca le  = x 0o2)
(Fac in g  p.  79)
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B Redd measurements
The average  red d s  f o r  p l a n e r i  and m arinus a r e  i l l u s t r a t e d  
in  F ig ,  16 which shows th e  p la n s  of the  redds  and a l s o  a 
v e r t i c a l  l o n g i tu d in a l  s e c t i o n  ( i . e .  p a r a l l e l  t o  the  c u r r e n t  f low ) 
th ro u g h  th e  d e e p e s t  p a r t  of th e  re d d .
The measurements a r e  summarised in  Table I I  f o r  b o th  a n im a ls ,  
r e s u l t s  b e in g  g iven  in  cm and a l s o  as  fu n c t io n s  of th e  mean 
le n g th s  of the  an im a ls  ( f  columns in  th e  T a b le ) .
As might be ex p e c te d ,  th e r e  i s  a  v e ry  h ig h ly  s i g n i f i c a n t  
d i f f e r e n c e  between d im ensions f o r  th e  two an im als  when th e  
com parisons a r e  between a b s o lu te  u n i t s  ( p < 0 .0 0 1 )•  I t  would 
be s u r p r i s i n g  i f  t h e r e  were no t th e s e  d i f f e r e n c e s  because  of 
th e  g r e a t  s i z e  d i f f e r e n c e  between th e  a n im a ls .  However, i f  th e  
red d  dim ensions a r e  e x p re s se d  as  f u n c t io n  of th e  ave rage  le n g th s  
of th e  a n im a ls ,  th e s e  d i f f e r e n c e s  d i s a p p e a r ,  s u g g e s t in g  th a t  
th e  p a t t e r n s  of th e  red d s  do no t d i f f e r  between th e  two s p e c ie s  
ex c e p t  i n  m agn itude . A l l  com parisons were made w ith  S t u d e n t ' s  
t - t e s t  f o r  sm all  sam p les ,
A p a r t i c u l a r l y  i n t e r e s t i n g  com parison i s  between red d  
volum es, g iv e n  in  Table  I I I .  These r e s u l t s  su g g e s t  t h a t  th e  
volume of th e  red d  i s  r e l a t e d  f i r s t l y  to  th e  number of an im als  
u s in g  i t ,  as might be ex p ec ted ;  and se c o n d ly  to  the  spawning 
a c t i v i t i e s  and b e h a v io u r  of th e  a n im a ls .  I f  red d  volume were 
d i r e c t l y  r e l a t e d  to  th e  volume of the  a n im a ls ,  one would expec t  
column i i  in  th e  Table  to  show l i t t l e  d i f f e r e n c e .  On th e  
o th e r  hand, i f  r e d d  volume depended upon th e  'sw ept*  volume 
of th e  red d  because  of th e  a c t i v i t y  of th e  a n im a ls ,  i t  would 
be r e l a t e d  to  th e  cube ( o r  n ea r  f u n c t io n )  of th e  le n g th  of 




( i i )
Volume^
(c c )
( i i i )
Volume/0
(c c )
P .  marinus
Number of redds 11 11 11
Mean volume 62347 13.30 0 .072
s z /n 17544 3 .7 4 0.018
L . p l a n e r i
Number of redds  18 18 18
Mean volume 910.1 28.26 0 .0 8 0
s^/ïT 223.8 7 .26 0.021
S i g n i f  icance  
of d i f f e r e n c e p<0.001 p<0.01 n # s c d •
TABLE I I I . Redd volumes of m arinus and p l a n e r i  r e d d s .  
Column i i  g iv e s  th e  volume p a ram e te rs  d iv id e d  by 
th e  average  volume of the  an im al and th e  av e ra g e  number 
of an im als  in  th e  red d  (= * ) •  Column i i i  g iv e s  th e  
volume p a ram e te rs  when th e  re d d  volumes a r e  d iv id e d  by 
th e  cube of th e  le n g th  of the  average  an im al t im es  th e  
average  number of an im als  in  th e  red d  (= . The
s ig n i f i c a n c e s  of the  d i f f e r e n c e s  a r e  i n d i c a t e d  and d i s c u s s e d  
in  th e  t e x t .
( F a c in g  p .  80)
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of th e  T a b le ,  which r e v e a ls  no s i g n i f i c a n t  d i f f e r e n c e  between 
red d  vo lum es. Such a r e l a t i o n s h i p  co u ld  have been  h y p o th e s i s e d  
and i t  would be i n t e r e s t i n g  to  have measurements of f l u v i a t i l i s  
red d s  f o r  com parison s in c e  th ey  a r e  in t e rm e d ia te  in  le n g th  
betw een m arinus and p l a n e r i . These com parisons can only  be 
f r u i t f u l  i f  th e  numbers of an im als  in  redds can  be ta k e n  i n t o  
a c c o u n t .  P .  marinus redds  have been assumed to  have 2 .5  occupants  
on a v e ra g e ,  and the  p l a n e r i  redds  measured c o n ta in e d  an average  
of 5 .6  a n im a l s . I t  sh o u ld  be em phasised t h a t  th e  s t a t i s t i c a l  
t e s t s  u sed  can  su g g es t  d i f f e r e n c e s  b u t  can n o t p la c e  a  p r o b a b i l i t y  
on s i m i l a r i t i e s ,  however, th e  change in  p r o b a b i l i t i e s  i s  
i n d i c a t i v e  t h a t  the  b eh a v io u r  as  w e ll  as  s i z e  i s  an im p o r tan t  
f a c t o r  i n  d e te rm in in g  red d  volum es.
The volume of the  r e d d  must be c l o s e l y  r e l a t e d  to  th e  s i z e  
of the s t o n e p i l e  downstream from th e  e x c a v a t io n .  Only a p a r t
of a  s t o n e p i l e  was c o l l e c t e d  from a  marinus r e d d .  The average
w eigh t ( i n  a i r )  of the  s to n e s  was 490g , and th e  average  d e n s i ty
i n  a i r  was 2 .2 3 .  The e f f e c t i v e  d e n s i ty  i n  w a te r  ( i . e .  a l lo w in g
f o r  th e  w a te r  d is p la c e d )  would be about 1 . 2 3 .
The av e ra g e  volume of a  m arinus redd  i s  62 .31  and th e r e f o r e  
the  w eigh t ( i n  w a te r )  of s to n e s  ex cav a ted  would be about 70kg 
making an  a l low ance  f o r  th e  p ack in g  o f  th e  s t o n e s .  The l a r g e s t  
s to n e  found in  th e  s to n e p i l e  was 2.35kg ( i n  a i r )  and i t  had 
a volume of 1050c c ,  and th e r e f o r e  an  e f f e c t i v e  w eigh t in  w a te r  
of 1 .30kg . A p a r t i c u l a r  s to n e  may be moved more than  once 
d u r in g  the  c o n s t r u c t io n  of a re d d  as  i t s  b o u n d a r ie s  a r e  g r a d u a l ly  
ex ten d ed ,  so the  work done i s  q u i t e  c o n s id e r a b le .
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F ig .  17 . S c a t t e r  d iagram  of m arinus red d s  (o )  and 
p l a n e r i  redds  (x )  on w a te r  d ep th  to  re d d  
s u r f a c e  and r i v e r  s u r f a c e  w a te r  speed  a x e s .
(F a c in g  p .  81)
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was to o  la rg e  to  be moved by an in d i v id u a l  b u t  t h i s  has n o t  
been  observed  in  m arinus r e d d s .
D uring  th e  e x c a v a t io n  of the  average  p l a n e r i  re d d ,  abou t 1kg 
of s to n e s ,  g r a v e l  and sand  w i l l  have been removed. In  p l a n e r i  
s t o n e p i l e s  th e  mean w e ig h t of s to n e  ( i n  w a te r )  removed was 1 .6g  
and the h e a v i e s t  ( i n  w a te r )  found was 6.3g* In  one of th e  redds 
sam pled, fo u r  s to n e s  rem ained  on th e  f l o o r  and th e se  weighed 
in  w a te r ,  1 0 .7 ,  9*9, 9*7 and 9*5g r e s p e c t i v e l y .  These s to n e s  
a re  i n t e r e s t i n g  from two p o in t s  of v iew . F i r s t l y ,  s in c e  th ey  
were the  only  s to n e s  rem a in in g  in  a  w e ll  p o p u la te d  red d  (10 an im als  
tak en  from th e  redd )  th ey  were p ro b ab ly  beyond th e  'rem oval 
c a p a c i t y '  of p l a n e r i  even w i t h 'c o l l a b o r a t i v e '  e f f o r t s  of more 
th a n  one an im a l .  S econd ly ,  th e  s to n e s  r e p r e s e n te d  a s i g n i f i c a n t  
d i s c o n t i n u i t y  when compared w i th  the o th e r  s to n e s  in  th e  p i l e  
(p  0 .0 0 1 ) .  I t  im p l ie s  t h a t  th e  s i z e  of th e  s to n e s  of th e  sub­
s t r a tu m  i s  c r i t i c a l  i n  the  s u i t a b i l i t y  of th e  s i t e  f o r  a r e d d .
The overwhelming m a jo r i t y  of th e  s to n e s  must be of such a s i z e  
t h a t  they  can be removed ( e i t h e r  by th e  s u c k e r  o r  by t a i l - f a n n i n g  -  
se e  Spawning Behaviour r e s u l t s )  and s u i t a b l e  re g io n s  in  a  r i v e r  
a r e  l i k e l y  to  be few. Most redds  had sandy f l o o r s  w ith  no 
rem ain ing  s to n e s .
This im p l ie s  t h a t  th e  d im ensions of th e  s to n e s  on the  r i v e r  
bed co u ld  e f f e c t i v e l y  i s o l a t e  spawning an im als  of d i f f e r e n t  le n g th s  
i f  they  have to  excava te  the  redds f o r  th e m se lv e s ,  a l th o u g h  a 
s m a l le r  anim al co u ld  use  a red d  a l re a d y  p re p a re d  by a l a r g e r  
a n im a l .  The im p l i c a t io n s  of th e se  p o in t s  a r e  more f u l l y  e x p lo re d  
in  th e  d i s c u s s io n .
F ig .  17 i s  a s c a t t e r  diagram  showing the d i s t r i b u t i o n  of p l a n e r i
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and m arinus redds  on c o o rd in a te s  of w a te r  d ep th  and w a te r  speed  
( s u r f a c e ) .  The ranges  f o r  th e  two an im als  o v e r la p  in  dep ths  
b u t  n o t  q u i t e  in  s u r fa c e  w a te r  s p e e d s .  These ' p r e f e r r e d '  
c o n d i t io n s  a r e  p ro b ab ly  connec ted  w i th  the s t o n e - s o r t i n g  a c t i o n  
of th e  r i v e r  as  w e ll  as  w i th  the  s to n e  moving a b i l i t i e s  and 
p h y s ic a l  d im ensions of th e  a n im a ls .
I t  would be i n t e r e s t i n g  to  add a s c a t t e r  d iagram  f o r  f l u v i a t i l i s  
red d s  b u t  s in c e  t h e i r  spawning and red d  b u i l d in g  has no t been 
a d e q u a te ly  o b se rved ,  t h i s  i s  no t p o s s i b l e .
There i s  a c l o s e  c o r r e l a t i o n  between s u r f a c e  w a te r  speed  and 
th e  d ep th  of th e  r i v e r  over the redds  ( p <  0.001 of i t  happening 
by c h a n c e ) .  However, the c o r r e l a t i o n  between s u r f a c e  w a te r  
v e l o c i t y  and th e  dep th  from the  f l o o r  of the  redd  to  th e  s u r f a c e  
of th e  r i v e r  i s  even h ig h e r  (p < c  0 .0 0 1 ) .  T h is  r e i n f o r c e s  the  
s u g g e s t io n  t h a t  th e  c h a r a c t e r i s t i c s  of th e  s to n e s  a re  of p rim ary  
im portance  in  th e  s e l e c t i o n  of a s i t e .  S u r fa c e  w a te r  v e l o c i t y  
i s  of secondary  im portance s in c e  u n s u i t a b l e  speeds  w i th in  the  
red d s  can  be compensated f o r  to  a l i m i t e d  e x t e n t  by th e  excav­
a t i o n  of a  deep e r  o r  s h a l lo w e r  red d  as  i s  a p p r o p r i a t e .
'A* seruiK
\  % A g.F .w ater,
I O
Figure  18. For e x p la n a t io n  of t h i s  and 
s i m i l a r  double ge l  d i f f u s io n  
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11 Ag. F. w a te r .
F igure 2 0 .
A se rum  v.î.V/* Ag. F. w ater.
F igu re  21.
On th e se  and subsequent F igures  w e l l .
(F ac in g  p.  8 3 )
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C Gel d i f f u s i o n
P l a t e  d o u b le - d i f f u s i o n  in  g e l  was used  d u r in g  p r e l im in a ry  
i n v e s t i g a t i o n s  of the  r e l a t i o n s h i p s  among v a r io u s  lamprey 
mucuses.
A n t i - f l u v i a t i l i s  serum *A' was t e s t e d  a g a i n s t  f r e e z e  d r i e d  
f l u v i a t i l i s  mucus c o l l e c t e d  w ith  w a te r  and r e c o n s t i t u t e d  in  
b o r a te  b u f f e r  to  g iv e  a  0^06% w/v c o n c e n t r a t i o n  (Cam pbell,  Garvey, 
Cremer and S u s s d o r f ,  1964) .  The f i r s t  t e s t s  showed t h a t  th e  
mucus i s  a  m u l t ip le  a n t ig e n  and f iv e  d i f f e r e n t  p r e c i p i t i n  bands 
were d i s t i n g u i s h e d  ( F ig .  18 ) .
As th e  tech n iq u e  was m a s te red ,  more p r e c i p i t i n  l i n e s  were 
d i s t i n g u i s h e d  b u t i t  was soon a p p a re n t  t h a t  serum *A* d id  n o t  
g ive  c o n s i s t e n t  r e s u l t s .  S ix  r a b b i t s  c o n t r i b u t e d  to  t h i s  serum 
and as  r a b b i t s  were l a t e r  found to  re sp o n d  w i th  d i f f e r e n t  t i t r e s  
to  mucus, i t  i s  l i k e l y  t h a t  th e se  poo led  a n t i s e r a  had d i f f e r e n t  
a n t ib o d y  l e v e l s  to  the  v a r io u s  a n t ig e n  system s a t  d i f f e r e n t  
t im e s .
As th e  d i f f e r e n c e s  were due to  th e  absence  of some l i n e s  
a t  one o r  o th e r  end of th e  p a t t e r n ,  r a t h e r  th a n  to  co m p le te ly  
d i f f e r e n t  p a t t e r n s  ( F i g s .  19, 20 & 21) i t  was p o s s ib le  to  b u i l d  
a  com posite  p i c t u r e  of the  p r e c i p i t i n  p a t t e r n  ( F ig .  2 2 ) .
E t h a n o l - c o l l e c t e d  mucus, which l a t e r  became the  s ta n d a rd  
f l u v i a t i l i s  a n t ig e n  f o r  im m unisations  and im m u n o e lec tro p h o re s is ,  
was compared w ith  w a t e r - c o l l e c t e d  mucus a g a i n s t  a n t i - f l u v i a t i 1i s  
serum *A '. Two l i n e s  p r e s e n t  in  w a t e r - c o l l e c t e d  mucus were 
no t  found in  e t h a n o l - c o l l e c t e d  mucus ( l i n e s  4  & 6 ,  Fig# 2 2 ) ,  
which i t s e l f  had one l i n e  no t p r e s e n t  in  w a te r  c o l l e c t e d  mucus 
( l i n e  2b i n  F ig .  2 2 ) ,  and n o t  r e l q t e d  to  i t s  n e a r e s t  ne ighbours  
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f l u v i a t i l i s - w a t e r A n t ig en f l u v i a t i l i s - e t h a n o l
Fi gure  22 , To show the co m po s i t e  p a t t e r n s  found on g e l  
d i f f u s i o n ,  c o n t r a s t i n g  th e  p r e c i p i t i n  l i n e s  
w i t h  f l u v i a t i l i s  a n t i g e n s  c o l l e c t e d  w i th  
w a te r  and e t h a n o l .
f l u v . -  
e t h a n o l
f l u v o-  
e t h a n o l
f l u v . -  
w a t e r
f l u v  
w a t e r .
'A' serum
Figure  2 3 . To show t y p i c a l  double  g e l  d i f f u s i o n  
p a t t e r n s  a g a i n s t  'A* serum, o f  water-  
and e t h a n o l - c o l l e c t e d  mucus of  
f l u v i a t i l i s .
(Facing p. 84)










F igure  25
(Fac in g  p« 84)
Antiserum Ant iserum
V : \ .  la. -:






Composite p a t t e r n : f o r  
marinus mucus.
F igure  2 6 .
Composite p a t t e r n  f o r  
p la n e r i  mucus.
F igure  27
p la n e r i  a n t ig e n
O
f  l u v i a t i l i s  Ag. . ‘'.v.;. marinus Ag,
o
’A' serum i
Figure  28 . To show the p r e c i p i t i n  p a t t e r n  o b ta in ed  
w ith  'A* serum a g a in s t  a n t ig e n s  from the  
th re e  lampreyso
(Fac ing p» 8 4 )
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common in  th e se  g e l  d i f f u s i o n  p a t t e r n s ,  i t  i s  n o t  always 
p o s s i b le  to  see  co rre sp o n d en ce ,  e s p e c i a l l y  i f  l i n e s  a r e  on 
th e  o u ts id e  of th e  ' s p e c t r u m ',  n e i t h e r  i s  i t  always p o s s ib le  
to  d i s t i n g u i s h  between s i n g l e  o r  double  l i n e s ;  e . g .  l i n e s  3»
4  & 5 ( F ig .  22) o f t e n  ap p ea red  as a s i n g l e ,  b road  and f a i r l y  
dense l i n e .
F reeze  d r i e d  m arinus mucus ( r e c o n s t i t u t e d  to  0.06% w/v in  
b u f f e r )  when t e s t e d  a g a i n s t  a n t i - f l u v i a t i l i s  'A ' serum showed 
a  p a t t e r n  of s i x  l i n e s  ( F ig .  2 4 ) ,  of which th r e e  p ro b ab ly  
co rresponded  w ith  th o se  in  f l u v i a t i l i s , two d id  n o t  ( F ig .  25) 
and the  s i x t h  l i n e  ( l i n e  l a  in  F ig .  26) had no t been found in  
f l u v i a t i l i s , a l th o u g h  a n t ib o d y  to  i t  or a c l o s e l y  r e l a t e d  
a n t ig e n ,  must have been p r e s e n t  in  *A' serum.
Raw p l a n e r i  mucus gave fo u r  l i n e s  a g a i n s t  a n t i - f l u v i a t i l i s  
'A ' serum ( F ig .  27) b u t  i t  i s  l i k e l y  t h a t  th e  c o n c e n t r a t i o n  of 
a n t ig e n  used  was too  low to  g iv e  optimum r e s u l t s .  At l e a s t  
one of th e se  l i n e s  co rresponded  to  one in  m arinus and f l u v i a t i l i s  
b u t  the  p a t t e r n  was d i f f i c u l t  to  i n t e r p r e t  ( F ig .  2 8 ) .
The i n i t i a l  r e s u l t s  s u g g e s te d  t h e r e f o r e ,  t h a t  the  mucus of 
th e  th r e e  lampreys i s  v e ry  s i m i l a r  in  t h a t  s e v e r a l  of th e  a n t ig e n s  
a re  common, as  co u ld  be ex p ec ted ,  b u t  t h a t  some of th e  a n t ig e n s  
might be s p e c i e s - s p e c i f i c ,  a l th o u g h  c l o s e l y  r e l a t e d .
Because of th e  d i f f i c u l t y  of g e t t i n g  r e p ro d u c ib le  r e s u l t s  
and because  com parison of th e  p a t te rn s  i s  d i f f i c u l t  w ith  so many 
d i f f u s e  bands , subsequen t a n a ly s e s  used  the  more s e n s i t i v e  
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D Im m unoelec tropho res is
The a n t ig e n - a n t i s e r u m  com binations  ( ' c r o s s e s ' )  t e s t e d  a re  
g iv en  in  Table  IV, The p r e c i p i t i n  p a t t e r n s  formed by any g iven  
a n t ig e n /a n t i s e r u m  com bina tion  a f t e r  im m u n o e lec tro p h o res is  some­
tim es v a r i e d ,  o c c a s io n a l ly  c o n s id e r a b ly .  The p ro b ab le  causes  
of t h i s  v a r i a t i o n  a r e  c o n s id e re d  below.
I t  i s  p o s s ib le  to  r e l a t e  th e  v a r i a t i o n s ,  and th e  t y p i c a l  
p a t t e r n s  formed by p a r t i c u l a r  a n t ig e n /a n t i s e r u m  r e a c t i o n s  to  a 
com posite  p a t t e r n  ( F ig ,  2 9 ) .  This  com posite  was formed by 
comparing p a t t e r n s  and p l o t t i n g  a l l  the  f r e q u e n t ly  o c c u r r in g  
p r e c i p i t i n  l i n e s .  L ines were i d e n t i f i e d  by t h e i r  p o s i t i o n s  
r e l a t i v e  to  one a n o th e r  and to  th e  o r i g i n ,  and by t h e i r  u s u a l ly  
c h a r a c t e r i s t i c  app ea ran ce ,  i . e .  some l i n e s  were always s h a rp ly  
d e f in e d  w h ile  o th e rs  were b l u r r e d ;  some l i n e s  were a r c u a te  and 
some always s t r a i g h t .  P r e c i p i t i n  l i n e s  r e p r e s e n te d  in  F ig .
29 by d o t t e d  l i n e s  a re  th o se  t h a t  appea red  on ly  o c c a s io n a l ly  
and i n c o n s i s t e n t l y  in  any g iv en  a n t ig e n /a n t i s e r u m  c r o s s .
1 V a r i a b i l i t y  of p a t t e r n s
a)  S e ra
The v a r i a b i l i t y  of p a t t e r n s  o b ta in e d  in  each a n t i g e n / a n t i ­
serum c ro s s  was th e  r e s u l t  of d i f f e r e n c e s  in  tbe r e a g e n ts  and 
th e  te c h n iq u e .
A n t i s e r a  were more v a r i a b l e  th an  a n t i g e n s .  The o r i g i n a l  
'A* a n t i f l u v i a t i l i s  serum was o b ta in e d  by p o o l in g  the  b lo o d  
from s i x  r a b b i t s ,  b le d  a t  weekly i n t e r v a l s .  Each b a tc h  of 'A ' 
serum gave s l i g h t l y  d i f f e r e n t  r e s u l t s  from the  o th e r  b a t c h e s .
F i g .  3 0 . FAm/F'A' .
F i g .  3 1 . FAm/F'A' .
10
F i g .  3 2 . MAn/M?.
F i g .  3 3 . MAn/M8 .
F i g .  34c FAn/F17.
(Facing p. 86)
F ig .  3 5 . F An/FI 9 .
—  3 o:
.11
F ig .  3 6 . Pan /F19 .
F ig .  3 7 . Pan /F22 .
(Facing p .  86)
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e . g .  f l u v i a t i l i s  a n t ig e n  a g a i n s t  a n t i - f l u v i a t i l i s  *A* (F ig  30 ) 
was an  e a r l y  b a tc h  of 'A* serum, whereas F ig .  31 was s l i g h t l y  
d i f f e r e n t  in  p a t t e r n  as  a r e s u l t  of th e  use of a l a t e r  b a tc h  of 
'A* serum a g a in s  th e  same a n t ig e n .
For the  i d e n t i f i c a t i o n  of c ro s s e s  in  the  f i g u r e s  and t e x t  
in  t h i s  s e c t i o n  of the  r e s u l t s ,  the  fo l lo w in g  a b b r e v i a t i o n s  
w i l l  be u s e d : -
in  a n t ig e n  i d e n t i f i c a t i o n  F = f l u v i a t i l i s
P = p l a n e r i  
M = marinus 
a = ammocoete 
A = a d u l t  
m = mucus 
sk  = s k in  e x t r a c t
in  a n t is e ru m  i d e n t i f i c a t i o n
/ F  = a n t i f l u v i a t i l i s  serum
/ P  = a n t i - p l a n e r i  serum
/M = a n t i -m ar in u s  serum 
th e  number i d e n t i f i e s  the  r a b b i t
'A ' r e l a t e s  on ly  to  the  poo led  s e r a  d e s c r ib e d  above .
For example, Fam/WJ = f l u v i a t i l i s  ammocoete mucus a n t ig e n  a g a i n s t  
a n t i -m arinus  serum from r a b b i t  7 9 PAslv^P2 = p l a n e r i  a d u l t  
s k in  e x t r a c t  as a n t ig e n  a g a i n s t  a n t i - p l a n e r i  serum from r a b b i t  2 .
The s e r a  from in d iv id u a l  r a b b i t s  were s u b se q u e n t ly  used 
s e p a r a t e l y  and g r e a t  v a r i a t i o n  in  th e  p r e c i p i t i n  p a t t e r n s  was 
e v id e n t ;  e . g .  F ig .  32 (MAnv^My); F ig .  33 (MAn\/M8); F i g . 34 (FAm/F17); 
F ig .  35 (FA11/ F I 9 ) ;  F ig .  36 (Pam/F19) and F ig .  37 (P an /F 2 2 ) .
One of th e  causes  of t h i s  v a r i a b i l i t y  was a  f u n c t io n  of the  
r a b b i t s '  s e n s i t i v i t y  to  th e  a n t ig e n  g e n e r a l l y .  When g iv e n  the
M o  I e  c u I e
A C  D
a)
R ab b it  A ( F i g .  3 8 b ) . Rab bit  B ( F i g  3 8 c)
o
Ra bbit  C ( F i g .  38d) Rabbit  D ( F i g .  3 8 e )
F ig u r e  3 8 . A s u g g e s t e d  e x p l a n a t i o n  f o r  the d i f f e r i n g  
r e a c t i o n s  among R a b b i t s  A to  D to  a mucus 
m o l e c u l e  w i t h  m u l t i p l e  a n t i g e n i c  s i t e s .
(Facing p. 8?)
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same im m unisation  t r e a tm e n ts ,  some r a b b i t s  p roduced  h igh  t i t r e  
s e r a ,  w h ile  o th e r s  produced s e r a  in  which a n t ib o d y  was b a r e ly  
d e t e c t a b l e .  I n  t h i s  c o n te x t  i t  was n o ted  t h a t  th e  New Z ea land  
W hite r a b b i t s  ( ' A ' ,  M6, P2, P3 & P4) appea red  to  be more s e n s i t i v e  
to  t h i s  a n t ig e n  th a n  d id  th e  C a l i f o r n i a n s ,  of which on ly  two,
M7 and MS, b o th  from th e  same l i t t e r ,  produced  good a n t i s e r a .
The o th e r s ,  a l l  o f  th e  Hylyne s t r a i n ,  responded  r a t h e r  p o o r ly  
to  im m unisation  (F17, F18, F I9 , F20, F21, F22, M il,  MI3 , MI4  
and M24 ) .
However, d i f f e r e n c e s  in  t i t r e  a lo n e  co u ld  no t accoun t f o r  
a l l  of the  v a r i a t i o n  found in  th e se  p a t t e r n s .  I t  i s  p o s s ib le  
t h a t  mucus i s  a m u l t i - s i t e  a n t ig e n  and t h a t  some r a b b i t s  r e a c t  
to  some s i t e s  more r e a d i l y  th an  to  o t h e r s .  In  F ig ,  38a ,  mucus 
i s  r e p r e s e n te d  as  a l a r g e  m olecule  w ith  t e n  a n t ig e n i c  s i t e s  
shown in  red# When immunised the  r a b b i t s  w i l l  ten d  to  produce 
an t ib o d y  most r e a d i l y  to  c e r t a i n  s i t e s  o n ly ,  say  2 ,3  and 5 
( r a b b i t  A in  F ig ,  3 8 b ) .  Some r a b b i t s  may produce a n t ib o d y  to  
one s i t e  on ly ,  e . g .  r a b b i t  B to  s i t e  5 ( F ig .  3 8 c ) ;  o r  to  two, 
e . g .  r a b b i t  C to  s i t e s  2 & 5 ( F ig .  3 8 d ) .  A lthough a n t ib o d y  to  
3 may be p roduced  in  r a b b i t  C, th e  t i t r e  i s  too  low to  
g iv e  a v i s i b l e  p r e c i p i t a t e .  A nother r a b b i t  (D in  F ig ,  38e) 
w h ile  showing th e  u su a l  re sp o n se  to  2 ,3  & 5 may a l s o  be e s p e c i a l l y  
s e n s i t i v e  t o ,  s a y ,  s i t e  1 and w i l l  g iv e  th e  p a t t e r n  shown.
In  any g iv e n  group of a n t i s e r a ,  t h e r e f o r e ,  th e re  were 
d i f f e r e n c e s  in  the  p r e c i p i t i n  p a t t e r n  produced w ith  any one 
a n t ig e n .  I t  p roved  p o s s ib le  however, to  use  each a n t i s e ru m  
s e p a r a t e l y  w ith  d i f f e r e n t  a n t ig e n s ,  and p roduce p a t t e r n s  t h a t  
co u ld  be d i r e c t l y  compared.
9 / 1 0
F i g .  3 9 . FAm/P2.
9/10
F i g .  4 0 . FAm/P2 -  High v o l t a g e
5 O
6 / 7
F i g .  41 « Fam/P2.
5 O
F i g .  4 2 . FAm/P2.
F i g .  4 3 . Fam/M7
(Facing p. 88)
Antigen ant is erum
p r e c i p i t i n  l i n e s
2 3 4 5 6 7 8 9  10 n
f l u v i a t i l i s  
a d u l t  mucus 
a d u l t  mucus 
a d u l t  mucus 
ammocoete mucus 
ammocoete mucus 
ammocoete s k in
f l u v i a t i l i s
marinus
p l a n e r i
m arinus
p l a n e r i






















a d u l t  mucus 
a d u l t  mucus 
a d u l t  mucus 
ammocoete mucus 
a d u l t  s k in  
ammocoete s k in
marinus
p l a n e r i
f l u v i a t i l i s
m arinus
p l a n e r i
p l a n e r i
X X  X X  X X X 
X X  X X
X X X
X X  X X
X X X X  -X-
X X  X X X  X X




a d u l t  s k in  
ammocoete s k in  
a d u l t  s k in  
ammocoete s k in
p l a n e r i
f l u v i a t i l i s
m arinus
p l a n e r i
p l a n e r i
m arinus
m arinus
X X X X X 
X X  X
X X  X
X X  X X
X X  X X X
X X  X X X
X X X X
TABLE V. The o c cu rren c e  of p r e c i p i t i n  l i n e s  in  th e  
t e s t e d  c r o s s e s ,  X i n d i c a t e s  a p r e c i p i t i n  
l i n e  and -X - i n d i c a t e s  t h a t  th e  i d e n t i t y  of 
t h a t  p a r t i c u l a r  l i n e  i s  in  doubt b u t  i t  w i l l  
be one o r  o th e r  of the l i n e s  i n d i c a t e d .
( F a c in g  p .  88)
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b) A ntigens
V a r i a b i l i t y  in  the  a n t ig e n  seemed i n s i g n i f i c a n t ,  d e s p i t e  
th e  use of raw mucus from a d u l t  p l a n e r i  and ammocoetes, and th e  
use of s k in  e x t r a c t s ,  a l l  of unknown p r o t e i n  c o n t e n t .  Presum ably  
th e  appearance  of p r e c i p i t i n  on ly  a t  the  e q u iv a le n c e  p o in t  of 
th e  a n t ig e n /a n t ib o d y  r e a c t i o n  l a r g e l y  c a n c e l l e d  out t h i s  s o u rc e  
of v a r i a t i o n .  The a n t i g e n i c i t y  of mucus s o lu t i o n s  s t o r e d  in  
th e  deep f r e e z e  d id  no t d e c l i n e .
c)  Technique
The tech n iq u e  used  was as  s t a n d a r d i s e d  as  p o s s i b le  b u t  
i n i t i a l  and f i n a l  v o l t a g e s  v a r i e d  from ru n  to  ru n ,  p o s s ib ly  due 
to  d i f f e r e n c e s  i n  am bient te m p era tu re  and th ic k n e s s  of g e l .
Where i n i t i a l  v o l t a g e s  were h ig h  (400v) th e  p a t t e r n  was d i s t o r t e d  
though seldom u n re c o g n isa b ly  so ,  e . g .  FAn\/P2 of F ig ,  39 compared 
w i th  FAnv^P2 (h ig h  v o l t a g e )  in  F ig .  40* Such h ig h  v o l ta g e  runs  
were i n f r e q u e n t .
2 Composite p a t t e r n
D e s p i te  th e se  so u rces  of v a r i a t i o n ,  i t  was p o s s ib le  to  r e f e r  
a l l  of th e  p a t t e r n s  o b ta in e d  to  the com posite  shown in  F ig ,  29 , 
Table V shows the occu rren ce  of th e  p r e c i p i t i n  l i n e s  in  th e  v a r io u s  
a n t ig e n /a n t ib o d y  c ro s s e s  t e s t e d .  L ine  5 was u b iq u i to u s  and 
c o n s i s t e n t ,  bo th  in  i t s  p o s i t i o n  n e a r  th e  m id lin e  and l e s s  th a n  
one t h i r d  of the  d i s t a n c e  from the  o r i g i n  to  the  n e g a t iv e  p o le ;  
and in  i t s  c h a r a c t e r  -  t h i c k ,  r a t h e r  b l u r r e d  and u s u a l l y  l i n e a r  
r a t h e r  th a n  a r c u a t e .  I t  was u s u a l l y  the  f i r s t  l i n e  to  ap p ea r  
a f t e r  im m unisation  and in  weak a n t i s e r a  i t  was o f te n  th e  on ly  l i n e .
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Almost e q u a l ly  common was l i n e  2 .  I t s  p o s i t i o n  was r a t h e r  
more v a r i a b l e  than  t h a t  of l i n e  5 a l th o u g h  i t  was c o n s i s t e n t  
r e l a t i v e  to  o th e r  p r e c i p i t i n  l i n e s .  U n like  l i n e  5» i t  was a 
t h i n ,  w e l l  d e f in e d  a r c .  I t s  absence in  was p ro b ab ly
because  of th e  weakness of the  a n t ig e n ,  as  raw mucus from 
s i n g l e  ammocoetes was used and only  sm all  q u a n t i t i e s  of d i l u t e  
mucus cou ld  be c o l l e c t e d .
L in es  2 and 5 were u s e f u l  as  'm arkers*  i n  i d e n t i f y i n g  o th e r  
l i n e s ,  w i th  l i n e  2 b e in g  more u s e fu l  th a n  l i n e  5 in  t h i s  r e s p e c t .  
N e i t h e r ,  of c o u rse ,  was of use in  d i s t i n g u i s h i n g  among lampreys 
as  th ey  were no t even genus s p e c i f i c ,
a )  Ammocoete and a d u l t  com parisons
A dult mucus was used  as  an immunising a g e n t  f o r  a n t i - f l u v ­
i a t i l i s  and a n t i -m arinus  s e r a ,  w h ile  ammocoete mucus was used  
in  r a i s i n g  a n t i - p l a n e r i  s e r a .  I t  was t h e r e f o r e  n e c e s s a ry  to  
compare a d u l t  and ammocoete p a t t e r n s  l e s t  t h i s  was r e s p o n s ib le  
f o r  any d i f f e r e n c e  in  the  p a t t e r n s  g iv e n  by th e  t h r e e  lam preys .  
Sk in  e x t r a c t s  were u sed  in  t h i s  com parison as  w e l l  as  mucus, as 
th e  l a t t e r  was a v a i l a b l e  in  such sm a ll  q u a n t i t i e s  from ammocoetes. 
/M7 and /P 2  were u sed  as b o th  had h ig h  t i t r e s  and gave many 
l i n e s  when t e s t e d  a g a i n s t  t h e i r  homologous a n t ig e n ,
i )  f l u v i a t i l i s
f l u v i a t i l i s  ammocoete and a d u l t  mucus t e s t e d  a g a i n s t  /P 2  
b o th  showed l i n e s  2, 3 and 5* ( F ig s ,  4-1 & 4 2 ) .  Fan/P2 a l s o  
showed an 'eyebrow* l i n e ,  p ro b ab ly  number 7» as  d id  b o th  a d u l t  
and ammocoete mucus when t e s t e d  a g a i n s t  /M7 ( s e e  F igs  43 & 44)*
In  th e  a d u l t  mucus, one of th e se  eyebrows had s p re a d  somewhat 
tow ards th e  p o s i t i v e  p o le  and was t h e r e f o r e  l i n e  8 ,  Fan/M7
Figo 4 4 . FAm/M7.
F ig .  4 5 . Pask/M7
5 ~
F ig .  460 PAsk/M7.
F ig .  4 7 . Pask /P2 .
5— O
F ig .  ASo PAsk/P2.
(F ac ing  p.  90)




F ig .  51 . MAm/M7.
•10
F ig .  5 2 . Ma(piece of s k in ) /P 2 .
9/10
5 —
F ig ,  5 3 . MAsk/P2.
(F ac in g  p, 90)
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d id  n o t  show l i n e  2 b u t ,  as  su g g e s te d  above, t h i s  i s  p ro b ab ly  
because  the  t e s t  a n t ig e n  was so weak. The t o t a l  p r e c i p i t i n  
l i n e s  showed by Fam, and a l s o  by F ask ,  was 2, 3» 5 and 7 
which co rresp o n d  to  th o se  shown by a d u l t  mucus, which a d d i t i o n a l l y  
has l i n e  8 ,
i i )  p l a n e r i
p l a n e r i  a d u l t s  were compared w ith  ammocoetes by t h e i r  s k in  
e x t r a c t s ,  as mucus was no t e a s i l y  c o l l e c t e d  from the  a d u l t s ;  
th ey  were a v a i l a b l e  f o r  a s h o r t  t im e o n ly ,  and as  they  were in  
spawning c o n d i t io n  when ca u g h t ,  c o n ta m in a t io n  by m i l t  or 
p e r i t o n e a l  f l u i d  was u n a v o id a b le ,  Pasl^M7 gave l i n e s  2, 5> 6 
and 7 as  d id  the  a d u l t  s k in  e x t r a c t  ( F ig s ,  45 & 46)* Ammocoete 
s k in  e x t r a c t  gave l i n e s  2 , 3 ,  5* 6 , 7 ,  9 & 10 a g a in s t /& 2  ( F ig .
47) b u t  a d u l t  s k in  d id  no t show 7 o r  11 ( F i g .  4S)« The t o t a l  
l i n e s  shown by p l a n e r i  ammocoete s k in  e x t r a c t  was 2, 3» 5 ,  6 ,
7 ,  9 and 11 and by th e  a d u l t  s k in  e x t r a c t ,  2, 3» 5» 6 , 7» and 9« 
L ine 11 was m iss in g  in  th e  a d u l t ,  b u t  i t  was a t  b e s t  a weak l i n e  
and i t  was a l s o  m iss in g  in  s e v e r a l  ammocoete s k in  e x t r a c t  c ro s s e s  
a g a i n s t  / P 2 ,
i i i )  marinus
marinus ammocoete mucus a g a i n s t  /M7 showed only  l i n e s  1 , 2 ,
5 and 7 ,  w h ile  th e  a d u l t  mucus gave th e s e  and a l s o  l i n e s  9 and 
10 and a p o s s i b l e  4  ( F ig s .  49, 50 and 51)* As in  f l u v i a t i l i s  
ammocoetes, the  mucus a n t ig e n  was p ro b ab ly  r a t h e r  weak, e s p e c i a l l y  
as  th e  Maslç/P2 c ro s s  gave l i n e s  2, 3 ,  5» 6 , 7 ,  9 and 10 w h ile
A ntigen
A n t i ­
serum 1
P r e c i p i t i n  l i n e s  
2 3 4  5 6 7 8 9 10 11
f l u v i a t i l i s
ammocoete mucus P2 X X X -X-
a d u l t  mucus P2 X X X -X
a d u l t  mucus F 'A ' X X X -X
ammocoete mucus M7 X X -X
a d u l t  mucus M7 X X X X
ammocoete s k in P2 X X X -X -
ammocoete s k in
+ mucus t o t a l s t o t a l X X X —X—
a d u l t  mucus t o t a l s t o t a l X X X -X - X
p l a n e r i
ammocoete s k in P2 X X . X X X X X
a d u l t  s k in P2 X X X X X
ammocoete s k in M7 X X X X
a d u l t  s k in M7 X X X X X
ammocoete s k in
+ mucus t o t a l s t o t a l X X X X X X X
a d u l t  s k in  t o t a l s t o t a l X X X X X X
m arinus
ammocoete mucus M7 X X X X
a d u l t  mucus M7 X X (X) X X X X
ammocoete s k in P2 X X X X X X X
a d u l t  s k in P2 X X X X X-
ammocoete s k in
+ mucus t o t a l s t o t a l X X X X X X X X
a d u l t  s k in
+ mucus t o t a l s t o t a l X X (X) X X X X X
T ab le  V I . The o c c u rre n c e  of p r e c i p i t i n  l i n e s  a g a in s t  
p a r t i c u l a r  a n t i s e r a  and th e  t o t a l  l i n e s  
f o r  groups of a n t ig e n s  a g a i n s t  the  l i s t e d  
a n t i s e r a .  X i n d i c a t e s  a p r e c i p i t i n  l i n e  
and -X - i n d i c a t e s  t h a t  th e  i d e n t i t y  of t h a t  
p a r t i c u l a r  l i n e  i s  in  doubt b u t  t h a t  i t  w i l l  
be one o r  o th e r  of th e  l i n e s  in d i c a t e d .
(X) was no t c o n s i s t e n t l y  found.
( F a c in g  p 9 0
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th e  MAsk/P2 c ro s s  gave on ly  2, 5 ,  6 , 7 and 9 o r  10 ( F i g s .  52 & 53) 
T o ta l  l i n e s  f o r  ammocoete mucus and s k in  were t h e r e f o r e ,  1, 2,
5 ,  5» 6 , 7 ,  9 & 10 and f o r  a d u l t  mucus and s k in  were 1, 2, 5»
6 , 7 ,  9 & 10. Line 3 was n o t  found in  a d u l t  mucus when t e s t e d  
a g a i n s t  o th e r  a n t i s e r a  and i t  seems l i k e l y  t h a t  t h i s  i s  a  t r u e  
d i f f e r e n c e  between the  l a r v a l  and a d u l t  mucuses. I t  i s  perhaps 
s u r p r i s i n g  t h a t  more d i f f e r e n c e s  were n o t  found between a d u l t  
and l a r v a l  mucuses (com parable  w ith  th o se  of th e  haem oglobins) 
of th e  anadromous s p e c i e s ,  as  the  a d u l t s  of b o th  f l u v i a t i l i s  
and m arinus have a m arine p h a s e .
The r e s u l t s  of th e  adult/am m ocoete  com parisons a r e  g iven  
in  Table  V I •
b) Sex d i f f e r e n c e s
Mucus from a d u l t  m arinus and f l u v i a t i l i s  of b o th  sexes  were 
compared w i th in  th e  s p e c ie s  f o r  sex  d i f f e r e n c e s  in  th e  mucus, 
b u t  none was found.
3 .  S p e c i f i c  p a t t e r n s  
a )  marinus
The p a t t e r n s  g iven  by m arinus a d u l t  mucus w i th  any serum 
d i f f e r e d  from th o se  g iv e n  by a d u l t  f l u v i a t i l i s  and ammocoete 
p l a n e r i  mucuses in  s e v e r a l  d i s t i n c t  ways.
T his  d i f f e r e n c e  was most s t r i k i n g  when u s in g  a n t i - f l u v i a t i l i s  
'A* serum . A part from l i n e  5 , no p r e c i p i t i n  ap p ea red  on th e  
n e g a t iv e  s id e  of th e  o r i g i n  in  c r o s s e s ,  w h ile  in  F /F 'A '
c r o s s e s ,  a l l  l i n e s  were on the  n e g a t iv e  s id e  (compare F ig .  54 
w i th  F ig s  30 & 31 ) and in  P /F 'A ’ a l l  b u t  one were on th e  n e g a t iv e
5 — '
F ig .  5 4 . MAn/F’A’ .
F ig .  5 5 . Pam /F 'A '.
F ig .  5 6 . MAn/P2
5 _  ^
F ig .  5 7 . MAm/F19 .
F ig .  5 8 . MAm/M6.
(F ac ing  p.  9 2 )
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s id e  ( F ig .  55)* The eyebrow l i n e ,  6 o r  7 ,  was always p r e s e n t  
i n  m arinus w h ile  only  o c c a s io n a l ly  so in  f l u v i a t i l i s  and n o t  a t  
a l l  i n  p l a n e r i . The eyebrow p r e s e n t  in  f l u v i a t i l i s  was no t t h a t  
found in  m a r in u s , as  mixed m arinus and f l u v i a t i l i s  a n t ig e n s  
gave a double  l i n e  a t  t h i s  s i t e  ( s e e  F ig .  71 )•
A lthough  th e s e  d i s t i n c t i o n s  were n o t  e x a c t ly  d u p l i c a te d  
u s in g  l a t e r  s e r a ,  the p a t t e r n s  g iven  by /F 'A *  a re  a r e f l e c t i o n  
of a r e a l  q u a n t i t a t i v e  and perhaps  q u a l i t a t i v e  d i f f e r e n c e  
between th e  mucus a n t ig e n s  of m arinus and th o se  of f l u v i a t i l i s  
and p l a n e r i .
A dult m arinus mucus run  a g a i n s t  l a t e r  / F ,  / P  and /M showed 
fo u r  f e a t u r e s  d i s t i n g u i s h i n g  i t  from f l u v i a t i l i s  o r  p l a n e r i  
mucus. L ine  1 was p r e s e n t  when m arinus mucus was ru n  a g a i n s t  
/ P  ( F i g ,  56 ) ;  whereas f l u v i a t i l i s  and p l a n e r i  d id  no t g iv e  t h i s  
l i n e  w i th  any serum . S econd ly , l i n e  3 was n ever  p r e s e n t  in  
m a r in u s , b u t  always in  f l u v i a t i l i s  and p l a n e r i . An eyebrow 
l i n e ,  i d e n t i f i e d  as  l i n e  7 ,  was always p r e s e n t  in  m arinus c r o s s e s  
( F ig ,  37 ) ;  such a l i n e  was only  found in  one f l u v i a t i l i s  c ro s s  ( / F 'A ' )  
and n o t  a t  a l l  i n  p l a n e r i  mucus c r o s s e s .  As m entioned above, 
th e  eyebrow l i n e  in  f l u v i a t i l i s  was n o t  the  same as  t h a t  found 
in  m a r in u s . L a s t l y ,  1M/M c ro s s e s  showed , 9 and 10 ( F ig .  3 8 ) 
w h i l s t  f l u v i a t i l i s  and p l a n e r i  showed only  one l i n e ,  a g a i n s t  / P ,  
i n  t h i s  anod ic  p o s i t i o n .
With th e  o th e r  m arinus a n t ig e n s  -  ammocoete mucus and s k in  
e x t r a c t s  -  and a d u l t  s k in ,  the  p o s i t i o n  was more c o m p lic a te d ,
Man/M showed l i n e  1, b u t  was n o t t e s t e d  a g a i n s t  / P ;  however, 
f l u v i a t i l i s  and p l a n e r i  s k in  e x t r a c t s  and mucuses d id  n o t  g iv e  
t h i s  l i n e .  Mam d id  n o t  g ive  l i n e s  9 o r  10, pe rhaps  because  
i t s  was a weak a n t ig e n .  A part from t h i s  d i f f e r e n c e ,  ammocoete
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mucus showed the  same d i f f e r e n c e s  from p l a n e r i  ^nd f l u v i a t i l i s  
a s  th e  a d u l t .
S k in  e x t r a c t s  of a d u l t  and ammocoete m arinus d i f f e r e d  from 
a d u l t  mucus in  n o t  showing l i n e  1 a g a i n s t  / P .  m arinus ammocoete 
s k in  e x t r a c t  a g a i n s t  / P  showed l i n e  3 ,  b u t  in  o th e r  r e s p e c t s ,  
s k in  e x t r a c t s  cou ld  be d i s t i n g u i s h e d  from th o se  of p l a n e r i  and 
f l u v i a t i l i s  by th e  same c r i t e r i a  as  a d u l t  mucus.
I t  i s  l i k e l y  t h a t  th e se  d i s t i n c t i o n s  a r e  th e  r e s u l t  of 
q u a n t i t a t i v e  d i f f e r e n c e s  in  th e  mucus a n t ig e n s ,  r a t h e r  than  
t h e i r  p re sen ce  o r  absence in  any g iven  mucus. For i n s t a n c e ,  
a s  s t a t e d  above, l i n e  3 i s  a lm o s t  always a b s e n t  in  marinus 
a n t ig e n  c r o s s e s ,  the  e x c e p t io n  b e in g  th e  asIy^P2 c r o s s .  Sk in  
e x t r a c t s  were no rm ally  more pow erfu l th a n  mucus in  t h a t  the  
p r e c i p i t i n  l i n e s  formed were d e n s e r ,  b e t t e r  d e f in e d  and u s u a l l y  
more numerous th an  in  th e  co r re sp o n d in g  mucus c ro ss#  The 
a n t ig e n  r e s p o n s ib le  f o r  l i n e  3 i s ,  in  f a c t ,  p r e s e n t  in  m arinus 
a d u l t  mucus, as  c ro s s e s  of p l a n e r i  and f l u v i a t i l i s  a n t ig e n s  
a g a i n s t  /M showed t h i s  l i n e .  C le a r ly ,  the  q u a n t i t i e s  of 
a n t ig e n  needed to  provoke an a n t ib o d y  re sp o n se  a r e  s m a l le r  th an  
th o se  needed to  form a v i s i b l e  p r e c i p i t a t e .  A gain , l i n e  10 
i s  n o t  p r e s e n t  in  any p a t t e r n  formed by p l a n e r i  mucus, a l th o u g h  
a n t ib o d y  to  i t  i s  n e v e r t h e le s s  p r e s e n t  i n  a n t i - p l a n e r i  serum, 
as  m arinus mucus and s k in  e x t r a c t s  a g a i n s t  a n t i - p l a n e r i  serum 
show i t .
W hatever the  re a s o n s  f o r  the  d i f f e r e n c e s  shown in  th e s e  
p a t t e r n s ,  th ey  a r e  c o n s i s t e n t  enough to  a l lo w  uneq u iv o ca l  
i d e n t i f i c a t i o n  of m arinus a n t ig e n s  when t e s t e d  a g a i n s t  any a n t i ­
serum .
Figo 59 . FAm/FI7 .
F ig .  60 . Pam/FI7.
O 8
Figo 61 . FAm/F19.
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Figo 63. FArn/F21 .
(Fac ing  p.  9 4 . )
Fige 6 4 . Pam/F21 .
F ig .  6 5 . Pan/P2.
Figo 6 6 . FAn/P2
5 _  o
Figo 6 7 . Pan/F21
F ig .  68 0 Fam/F21.
(Facing  p.  94)
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b) f l u v i a t i l i s / p l a n e r i
I n  c o n t r a s t  w i th  th e  ease  of i d e n t i f i c a t i o n  of m a rin u s , i t  
was n o t  p o s s ib le  to  c o n s i s t e n t l y  and u n e q u iv o c a l ly  d i s t i n g u i s h  
between p l a n e r i  and f l u v i a t i l i s  w i th  any a n t i s e ru m  except/M ?. 
D if f e r e n c e s  between p l a n e r i  and f l u v i a t i l i s  a n t ig e n s  were shown 
by v a r io u s  s e r a ,  e . g .  the  s e r i e s / ^ 1 7  to  /F 2 2  (F ig s  59 to  64 ) .
I n  t h i s  case  th e r e  i s  a c l e a r  d i f f e r e n c e  in  th e  n a tu re  of l i n e  
3 in  the  two c ro s s e s  of a l l  of t h i s  s e r i e s  of a n t i s e r a .  However 
t h i s  and o th e r  d i f f e r e n c e s  of th e  same n a tu r e  were v e ry  e l u s i v e  
on d e t a i l e d  i n v e s t i g a t i o n .  I t  appea rs  from th e  f i g u r e s  t h a t  
l i n e  3 h e re  i s  in  f a c t  two d i f f e r e n t  l i n e s ,  b u t  t h i s  i s  no t 
s u p p o r te d  by o th e r  c ro s s e s  w ith  th e  s e r a  o r  th e  a n t ig e n s .  L ine 
3 i s  somewhat v a r i a b l e  in  p o s i t i o n  and type  and i t  i s  q u i t e  
p o s s i b l e  t h a t  th e re  a r e  s e v e r a l  a n t ig e n s  r e s p o n s ib le  f o r  t h i s  
l i n e .  On c lo s e  com parison , in  f a c t ,  i t  would seem t h a t  t h e r e  
a re  as many l i n e  3 ' s  as  th e r e  have been e l e c t r o p h o r e t i c  p a t t e r n s  
p roduced l Line 3 in  the  P/F c ro s s e s  co u ld  be a t r u n c a te d  v e r s io n  
of t h a t  in  the  F/F c r o s s e s ;  and, as s t a t e d  above, p l a n e r i  mucus 
was used  raw because  of i t s  s c a r c i t y  and i t  i s  p o s s i b le  t h a t  
the  d i f f e r e n c e  in  th e se  p a t t e r n s  i s  a r e f l e c t i o n  of d i f f e r e n t  
a n t ig e n  s t r e n g t h s .
For th e s e  r e a s o n s ,  a l th o u g h  t h i s  s e r i e s  of s e r a  does produce 
d i f f e r e n t  p a t t e r s  f o r  f l u v i a t i l i s  and p l a n e r i , i t  was f e l t  t h a t  
a c lo s e  exam in a t io n  of /M7 p a t t e r n s  would be more f r u i t f u l .
F ig u re s  65 to  68 i l l u s t r a t e  the  g e n e ra l  i n a b i l i t y  of a n t i s e r a  
to  d i s t i n g u i s h  between p l a n e r i  and f l u v i a t i l i s  a n t ig e n s .
/M7 d id  d i s t i n g u i s h  between the two in  t h a t  an eyebrow l i n e .
F i g .  6 9 . Pan/M7.
F i g .  7 0 . FAm/M7.
2 n
Figo 7 1 . Eyebrow d e t a i l  (on l a r g e r  s c a le )
(Facing  p.  9 5 . )
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number 8 , c o n s i s t e n t l y  o c c u r re d  in  the f l u v i a t i l i s  c ro s s  b u t  
never  in  the  p l a n e r i  c ro s s  ( F i g s ,  69 and 7 0 ) • I t  was n o t  a 
t y p i c a l  eyebrow, i . e .  6 o r  7 ,  hav ing  run  s l i g h t l y  towards th e  
p o s i t i v e  pole. ( F ig ,  7 0 »  a  movement n o t  found in  o th e r  p a t t e r n s ,  
F/F c r o s s e s  d id  show l i n e  8 , a l th o u g h  o th e r  f l u v i a t i l i s  c ro s s e s  
showed no eyebrows. S k in  e x t r a c t  p l a n e r i  c ro s s e s  u s u a l ly  
showed an eyebrow, two in  some cases  ( F i g ,  46 ) .
c)  T e le o s ts
Mucus of Gadus sp (p ro b a b ly  G, c a l l i a r i s ) , P le u ro n e c te s  
p l a t e s s a , A n g u i l l a  a n g u i l l a  and Salmo s a l a r  were t e s t e d  a g a i n s t  
/ F 'A ’ and / P 2 ,  b u t  in  no case  co u ld  p r e c i p i t i n  be d e t e c t e d ,
4« Summary of im m unoelec tropho res is  r e s u l t s
The r e s u l t s  r e p o r te d  above l a r g e l y  r e f l e c t  what i s  known of 
th e  r e l a t i o n s h i p s  of lam preys .  The t e l e o s t s  t e s t e d  gave no
r e s u l t  w ith  a n t i - la m p re y  s e r a .  This  was th e  ex p ec ted  r e s u l t
in  view of the a c c e p te d  th e o ry  of th e  o r i g i n s  of th e  Cyclostomes 
and the  long p e r io d  of t h e i r  d iv e rg e n ce  from T e le o s t  s to c k s ,
Petromyzon marinus Vs p la c e d  in  a d i f f e r e n t  genus from 
Lampet r a  p l a n e r i  and L, f l u v i a t i l i s  and t h i s  s e p a r a t e  taxonomic 
s t a t u s  i s  su p p o r ted  by the  p a t t e r n  shown by the mucus. The 
lampreys appea r  to  be a r e l a t i v e l y  homogeneous group however, 
and i t  i s  n o t  s u r p r i s i n g  t h a t  so many of the  mucus a n t ig e n s  a r e  
h e ld  in  common.
The d i f f e r e n c e s  between maÿinus and th e  Lampet r a s  a r e  
s i g n i f i c a n t  however, and when compared w i th  th o se  between p l a n e r i  
and f l u v i a t i l i s  ag ree  w e ll  w ith  the s e p a r a t e  g e n e r ic  s t a t u s  of 
m a r in u s ,
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F l u v i a t i l i s  and p l a n e r i  a re  undoub ted ly  v e ry  c l o s e l y  r e l a t e d ,  
b u t  i t  i s  d i f f i c u l t  to  gauge how c l o s e l y  w ith o u t  a com parison 
of a s i m i l a r  deg ree  of r e l a t i o n s h i p .  A ttem pts were made to  
t e s t  th e  mucus of a p ro b ab le  *p raecox ' form of f l u v i a t i l i s , b u t  
i n s u f f i c i e n t  q u a n t i t i e s  of mucus co u ld  be c o l l e c t e d .
The o r ig i n s  of p l a n e r i  and the  taxonomic s t a t u s  of p l a n e r i  
and f l u v i a t i l i s  w i l l  be c o n s id e re d  in  g r e a t e r  d e t a i l  in  th e  
d i s c u s s io n .
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E . Antibody p r e p a r a t io n  and f lu o r e s c e n t  l a b e l l i n g
D uring  gamma g lo b u l in  p r e c i p i t a t i o n ,  some a n t ib o d y  a c t i v i t y  
was l o s t ,  as  i s  u s u a l .  F lu o re s c e n t  l a b e l l i n g  of th e  gamma 
g lo b u l in  a l s o  reduced  th e  q u a n t i t y  of a n t ib o d y  p r e s e n t .  A lthough 
the  l a b e l l e d  a n t i -m arinus  a n t ib o d y  p roduced  d id  show some a c t i v ­
i t y  a g a i n s t  marinus a n t ig e n s ,  i t  was n o t  of s u f f i c i e n t  t i t r e  
to  show s p e c i f i c  d i f f e r e n c e s  between p l a n e r i  and f l u v i a t i l i s  
a n t i g e n s .
T his  d i s a p p o in t in g  r e s u l t  w i th  f l u o r e s c e n t  l a b e l l i n g  sug­
g e s te d  th e  need f o r  p r a c t i c a l  e x p e r t i s e  i n  th e s e  i s o l a t i o n  and 
l a b e l l i n g  te ch n iq u e s  b e fo re  f u r t h e r  s c a r c e  r e a g e n ts  were u s e d .
S u c c e s s fu l  f lu o r e s c e n t  l a b e l l i n g  has been a c h iev ed  u s in g  
th e  cyanogen bromide te c h n iq u e ,  of s p e c i f i c  a n t ib o d y  p r e p a r a t io n  wdK 
human IgG and an ti-hum an  IgG s e r a .  This  was p a r t  of a n o th e r  
r e s e a r c h  programme, the  r e s u l t s  of which w i l l  be r e p o r te d  e l s e ­
where ,
Now t h a t  p r a c t i c a l  e x p e r t i s e  has been a c q u i r e d ,  i t  i s  hoped 
t h a t  th e r e  w i l l  be an o p p o r tu n i ty  f o r  a p p ly in g  the  te c h n iq u e s  
to  lamprey a n t ig e n s  and a n t i s e r a .
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F T hin  l a y e r  chrom atography r e s u l t s
Because th e se  i n v e s t i g a t i o n s  were e x p l o r a to r y ,  only  th e  
i n t e r e s t i n g  r e s u l t s  a r e  o u t l i n e d .
Amino a c id s  in  the  h y d ro ly s a te s  were i d e n t i f i e d  by th e  Rf
v a lu e s  in  com parison w ith  marker amino a c id s  and a l s o  from
c o lo u rs  g iven  w ith  p o ly ch ro m atic  n in h y d r in .  A s u b je c t i v e
s c o re  of r e l a t i v e  c o n c e n t r a t io n s  i s  g iven  t h u s : -
“  n o t  d e t e c te d  
+ t r a c e  only 
++ d i s t i n c t  sp o t  
+++ v e ry  pronounced sp o t
Amino a c id
c y s t i n e  
h i s t i d i n e  
a s p a r t i c  a c id  
ly s in e
g lu ta m ic  a c id
g ly c in e
th re o n in e
h y d ro x y p ro l in e (? )
t y r o s in e
a l a n in e
p r o l in e
try p to p h a n e
v a l in e
m eth ion ine
le u c in e
is o le u c in e
p h e n y la la n in e
s e r i n e  or a r g in i n e
r i p e  male 














r i p e  fem ale 















Ripe males y ie ld e d  15 amino a c id s  and r i p e  fem ales y i e ld e d  
18. These r e s u l t s  a r e  s i m i l a r  to  th o se  found by B .J .R .T a y lo r  
( p e r s .  comm.). The d i f f e r e n c e s  su g g es t  a  f i e l d  which may be 
w orthy of more e x te n s iv e  ex am in a t io n .
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IV DISCUSSION
A I d e n t i f i c a t i o n
The o r i g i n a l  o b je c t iv e  of t h i s  s tu d y  was to  p ro v id e  a non- 
l e t h a l  method of i d e n t i f i c a t i o n  of i n d i v id u a l  ammocoetes of the  
th r e e  B r i t i s h  lam preys. As s t a t e d  above ( I  E ) ,  a l l  e x i s t i n g  
methods of d i s t i n g u i s h in g  between ammocoetes of the  two Lam petras 
a r e  e i t h e r  no t a p p l i c a b le  to  in d i v id u a l s  o r  k i l l  th e  a n im a l .
As e x p e r im e n ta t io n  p ro ceed ed ,  i t  became c l e a r  t h a t  th e  
i d e n t i f i c a t i o n  of marinus ammocoetes was s t r a i g h t f o r w a r d .  Except 
in  the  case  of sm all  m arinus ammocoetes, th e  e x i s t i n g  method of 
i d e n t i f i c a t i o n  by cauda l p ig m e n ta t io n  i s  as  a c c u r a te  a s ,  and i s  
q u ic k e r  th a n ,  any immunological te c h n iq u e .  At i t s  p r e s e n t  
s t a g e ,  the  im munological method r e p o r te d  h e re  i s  op l i t t l e  use  
w ith  sm a l l  ammocoetes. There i s  so l i t t l e  mucus a v a i l a b l e  from 
such an im als  t h a t  th e  use of p ie c e s  of s k in ,  and t h e i r  a lm o s t  
i n e v i t a b l e  d e a th ,  i s  r e q u i r e d  to  p e rm it  u n eq u iv o ca l  i d e n t i f i c a t i o n ,
L. p l a n e r i  and L. f l u v i a t i l i s  ammocoetes have p roved  to  
be as  s i m i l a r  in  the  a n t i g e n i c i t y  of t h e i r  e x t e r n a l  mucus as  in  
t h e i r  e x t e r n a l  morphology. As shown in  the  r e s u l t s  ( p .  94 
e t  s e q . ) , the  p r e c i p i t i n  p a t t e r n s  p roduced  by any one a n t ig e n  
m a te r i a l  from th e  two lampreys a re  in  most r e s p e c t s  i d e n t i c a l .  
A lthough  d i f f e r e n c e s  d id  occur w ith  a n t ig e n s  from b o th  lampreys 
t e s t e d  a g a i n s t  th e  same serum, th e y  w ere , w ith  one e x c e p t io n ,  
n ev e r  c o n s i s t e n t ;  and i t  i s  c l e a r  t h a t  th e  same system  of a n t ig e n s  
i s  p r e s e n t  in  th e  mucus of b o th  p l a n e r i  and f l u v i a t i l i s . I f  
any d i f f e r e n c e s  e x i s t ,  o th e r  than  th e  one d e a l t  w ith  below , they  
a r e  p ro b ab ly  q u a n t i t a t i v e  and a re  co n fu sed  or even masked, by th e
A ntigen A n tis e ra
a n t i - m a r in u s a n t i - p l a n e r i a n t i - f l u v i a t i l i s
marinus 7 7 7
p l a n e r i 0 6 0
f l u v i a t i l i s 7 a n d /  o r  8 0 7 a n d /o r  8
TABLE VIIo The o ccu rren c e  o f  the  ’ eyebrow* l i n e s  6 ,  7 & 8 .
A n tigen
A n t i s e r a
a n t i -m a r in u s  B' a n t i - p l a n e r i  C' a n t i - f l u v ,  A ' ( B ' )
m arinus B 
p l a n e r i  C 







BA’ (BB ') 
CA' (CB*) 
AA’ (BB’ )
TABLE V I I I . A n t ig e n /a n t ib o d y  c ro s s e s  r e s p o n s ib le  f o r  the
eyebrow l i n e s .  A, B & C a re  the  a n t ig e n s  and 
A*, B* and C* a re  the  a n t ib o d ie s  t o  th e s e  
a n t i g e n s .
A n t i s e r a  •
A n tigen a n t i -m a r in u s  B’ a n t i - p l a n e r i  C’ a n t i - f l u v . A ' ( B ' )
m arinus B
e x p ec ted  observed
7 7
e x p ec ted  observed
7 7
e x p ec ted  observed
7(+7) 7
p l a n e r i  C 0 0* 6 6 0(+0) 0
f l u v i a t i l i s  A(B) 8(+7) 8 s / o r  T o(+6) 0 8(+7) 8 s / o r  7
TABLE IX. E xpec ted  and observed  
eyebrow l i n e s .  (* a re
r e s u l t s  of c r o s s e s  showing th e  
th e  r e s u l t  of M7 c r o s s e s . )
( F a c in g  p .  lOO)
«  1 0 0  -
in h e re n t  v a r i a t i o n  of the  p a t t e r n s  p roduced  by o c c a s io n a l  s l i g h t  
d i f f e r e n c e s  in  the  r e a g e n ts  and te c h n iq u e s  u se d .
The one c l e a r  e x c e p t io n  to  th e  g e n e ra l  agreem ent of p a t t e r n s  
produced  by f l u v i a t i l i s  and p l a n e r i  mucuses i s  th e  r e s u l t  o b ta in e d  
u s in g  M7 serum ( F ig s .  69 & 7 0 ) .  An "eyebrow* type l i n e  (No. 8) 
i s  p roduced  by t h i s  serum w ith  f l u v i a t i l i s , b u t  no t w i th  p l a n e r i , 
and t h i s  d i f f e r e n c e  i s  c o n s i s t e n t .
I t  i s  d i f f i c u l t  to  e x p la in  t h i s  r e s u l t ,  b u t  a n a l y s i s  of 
o th e r  c ro s s e s  have h e lp ed  to  su g g e s t  i t s  o r i g i n .  The o ccu rren c e  
of the  eyebrow l i n e s ,  numbers 6 ,  7 and 8 ,  i s  g iv e n  in  T ab le  V I I .
I n  th e s e  c r o s s e s ,  6 and 7 a re  c l a s s i f i e d  by t h e i r  occu rrence  in  
a p a r t i c u l a r  a n t ig e n  r a t h e r  th a n  t h e i r  p o s i t i o n ,  b u t  many s k in  
e x t r a c t s  gave b o th  of th e s e  t y p i c a l  eyebrows and th e r e  a r e  good 
grounds f o r  b e l i e v in g  them to  be d i f f e r e n t  in  m arinus and p l a n e r i .
To e x p la in  t h i s  d i s t r i b u t i o n  of eyebrow l i n e s  and th u s  the  
p a t t e r n s  g iven  by M7 and c e r t a i n  a n t i - f l u v i a t i l i s  s e r a ,  i t  i s  
n e c e s sa ry  to  make th e  fo l lo w in g  assum ptions
i )  th e re  a r e  t h r e e  d i f f e r e n t ,  b u t  c l o s e l y  r e l a t e d  a n t ig e n s  
r e s p o n s ib le  f o r  l i n e s  6 ,  7 and 8 .
i i )  marinus has one of th e s e  a n t ig e n s  -  l e t  t h i s  be B.
i i i )  p l a n e r i  has a n o th e r  of th e se  a n t ig e n s  -  l e t  t h i s  be C.
iv )  f l u v i a t i l i s  has the  t h i r d  a n t ig e n .  A, and a l s o  a l i t t l e  
of the marinus a n t ig e n  B.
v) The a n t ig e n s  a r e  s u f f i c i e n t l y  a l i k e  t h a t  a n t ib o d ie s  to  
them w i l l  r e a c t  w i th  th e  o th e r  a n t ig e n s ,  ex ce p t  t h a t  a n t ib o d y  A* 
( t o  th e  A a n t ig e n )  w i l l  no t r e a c t  w ith  a n t ig e n  C ,and  a n t ib o d y  C* 
w i l l  n o t  r e a c t  w ith  a n t ig e n  A,
v i )  a n t ig e n  B, as g iven  in  v) w i l l  r e a c t  w i th  a n t ib o d ie s  A*
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B* and C ' ,  b u t  an t ib o d y  to  B ( i . e .  B ')  w i l l  n o t  r e a c t  w i th  a n t ig e n  C
The r e a c t i v i t i e s  of th e s e  a n t ig e n s  and t h e i r  a n t ib o d ie s  may 
be ex p ressed  t h u s : -
A ntigen  A ntibody
Table V III  g iv e s  th e  c ro s s e s  p o s s i b l e .  I f  a n t ig e n  B g iv e s  
l i n e  7> C g iv es  l i n e  6 , and A, l i n e  8 , th e  ex p ec ted  r e s u l t s  and 
the  observed  r e s u l t s  f o r  com parison w i l l  be th o se  shown in  Table 
IX. The M7 c r o s s e s  a re  th o se  marked w ith  an  a s t e r i s k .  A part  
from the  absence of a p o s s ib le  l i n e  6 in  the f l u v . / a n t i - p l a n , 
c r o s s ,  th e  observed  r e s u l t s  ag re e  w ith  th o se  p r e d i c t e d  from th e  
hypotheses  i )  to  v i )  above.
The dangers  of im p ly ing  a taxonomic r e l a t i o n s h i p  from an 
exam ination  of only  a sm all  p a r t  of the t o t a l  p a t t e r n  a r e  h e re  
a p p a re n t .  On a n a l y s i s  of th e se  eyebrow l i n e s  a lo n e ,  i t  would 
seem t h a t  f l u v i a t i l i s  i s  more c l o s e l y  r e l a t e d  to  m arinus th a n  to  
p l a n e r i ,  an u n l i k e ly  c o n c lu s io n .  I t  i s  p o s s i b l e  t h a t  th e se  
a n t ig e n s  a re  a f f e c t e d  by the  anadromous l i f e  h i s t o r i e s  of m arinus 
and f l u v i a t i l i s , and may be an a d a p t a t i o n  to  th e  marine p h a se .
I f  t h i s  were s o ,  th e  g r e a t e r  s i m i l a r i t y  between m arinus and 
f l u v i a t i l i s  in  t h i s  r e s p e c t ,  th a n  between th e s e  two and p l a n e r i  
wo#ld be e x p e c te d .
At th e  p r e s e n t  t im e ,  i t  i s  n o t  p o s s i b l e  t o  use  th e  d i f f e r e n c e  
ex p re s se d  by M7 serum as a method of i d e n t i f i c a t i o n  of i n d i v id u a l  
an im a ls .  The q u a n t i t i e s  of mucus used  in  th e  m ic ro -im m unoe lec tr-  
o p h o re t ic  te ch n iq u e  a re  v e ry  sm a l l  indeed ; about 25yug (d ry  wt)
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p e r  s l i d e ,  r e s p r e s e n t i n g  5y u l  of a 0.55?^ mucus s o l u t i o n  and i t  
i s  p o s s ib le  to  s c rap e  t h i s  q u a n t i t y  of mucus from a s in g le  ammoc- 
o e t e .  However, b e s id e s  the  p h y s ic a l  d i f f i c u l t i e s  of h a n d l in g  
such  q u a n t i t i e s ,  samples must be s t a n d a r d i s e d  to  a l low  a  v a l i d  
com parison of r e s u l t s .  Poo led  mucus has been f r e e z e  d r i e d  and 
r e c o n s t i t u t e d  to  a l lo w  the  use of com parable s t r e n g t h  s o l u t i o n s ,  
and raw mucus samples can be compared s p e c t r o p h o to m e t r i c a l ly  i f  
s u f f i c i e n t  q u a n t i t i e s  a re  a v a i l a b l e .  I t  i s  d i f f i c u l t  to  en v isag e  
what method of r o u t in e  s t a n d a r d i s a t i o n  co u ld  be employed w ith  the  
q u a n t i t i e s  of mucus a v a i l a b l e  from in d i v id u a l  ammocoetes.
However, t h e r e  i s  a n o th e r  approach  to  the  problem ; t h a t  of 
immune a d s o rp t io n  fo llow ed  by th e  l a b e l l i n g  of s e l e c t e d  a n t i b o d i e s .  
As M7 serum d is c r im in a t e d  between f l u v i a t i l i s  and p l a n e r i  by th e  
p re se n c e  and absence of a s in g l e  l i n e ,  i t  whould t h e o r e t i c a l l y  be 
p o s s ib le  to  i s o l a t e  the  a n t ib o d ie s  to  t h i s  l i n e  f o r  use as  a 
s p e c i f i c  serum . Such a serum would g ive  a p o s i t i v e  r e s u l t  w ith  
f l u v i a t i l i s  and n e g a t iv e  w i th  p l a n e r i . Used in  c o n ju n c t io n  w ith  
a  s i m i l a r  s p e c i f i c a l l y  s e l e c t e d  a n t i -m arinus  a n t ib o d y ,  even th e  
s m a l l e s t  ammocoete cou ld  be p o s i t i v e l y  i d e n t i f i e d .
V arious  te ch n iq u e s  of s p e c i f i c  a n t ib o d y  i s o l a t i o n  would be 
a p p l i c a b l e ;  any method where p l a n e r i  mucus would be adso rbed  onto  
an  i n e r t  porous m a te r i a l  would be s u i t a b l e .  M7 serum, p assed  
th ro u g h  t h i s  m a te r i a l  would th en  lo s e  a l l  of i t s  p l a n e r i  a n t ib o d ie s  
and th e  serum c o l l e c t e d  would c o n ta in  on ly  those  a n t i - f l u v i a t i l i s  
and a n t i -m arinus  a n t ib o d ie s  n o t  common w ith  p l a n e r i . I d e a l l y ,  
a n t i -m ar in u s  a n t ib o d ie s ,  o th e r  th a n  th o se  r e s p o n s ib le  f o r  l i n e  8 ,  
and a l l  of th e  o th e r  serum components sh o u ld  be d i s c a r d e d .  This
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c ou ld  be ac h ie v e d  by the  p assag e  of the  serum th ro u g h  a m a te r i a l  
bound w ith  f l u v i a t i l i s  mucus, when th e  a n t i - f l u v i a t i l i s  a n t ib o d ie s  
would rem ain  a t t a c h e d  to  t h e i r  a n t ig e n s  on th e  ‘ f i l l e r * • These 
a n t ib o d ie s  may then  be e l u t e d  from the  ‘ f i l l e r *  by a  change in  pH 
and the  r e s u l t i n g  s p e c i f i c  a n t i - f l u v i a t i l i s  am tibody s o l u t i o n  
c o l l e c t e d  and reduced  to  g iv e  th e  r e q u i s i t e  c o n c e n t r a t i o n .
An i d e n t i f i c a t i o n  t e s t  sh o u ld  be q u ic k  and sim ple to  use as 
w e l l  as  b e in g  r e l i a b l e ,  and f o r  th e s e  re a so n s  i t  would be s u i t a b l e  
to  l a b e l  th e  a n t i - f l u v i a t i l i s  a n t ib o d y  w i th  a f l u o r e s c e n t  compound.
A v a r i e t y  of s im ple  l a b e l l i n g  te c h n iq u e s  a re  a v a i l a b l e .
A smear of mucus on a m icroscope s l i d e  sh o u ld  be s u f f i c i e n t  
to  t e s t  the  i d e n t i t y  of any ammocoete. I t  would on ly  be n e c e s s a ry  
to  p la c e  a drop of the  l a b e l l e d  a n t ib o d y  on th e  a i r  d r i e d  smear 
and in c u b a te  a t  room te m p era tu re  f o r  abou t 30min ( t h i s  p e r io d  may be 
c o n s id e ra b ly  reduced  by e x p e r i e n c e ) .  A f te r  s e v e r a l  washes w i th  
b u f f e r e d  s a l i n e ,  exam in a t io n  under u l t r a - v i o l e t  l i g h t  shou ld  
r e v e a l  th o se  smears w i th  which th e  a n t ib o d y  has r e a c t e d  and th u s  
th o se  ammocoetes which a r e  f l u v i a t i l i s . The m ajor p r a c t i c a l  
d i f f i c u l t y  in  th e  a p p l i c a t i o n  of such a smear t e s t  would p ro b ab ly  
be th e  s e g r e g a t io n  of th e  i n d i v id u a l  ammocoetes t e s t e d ,  w h ile  th e  
in c u b a t io n  i s  p ro c e e d in g .
T h e o r e t i c a l l y  t h e r e f o r e ,  th e  im munological methods used in  
t h i s  s tu d y  cou ld  be developed  to  y i e l d  a u s e f u l  i d e n t i f i c a t i o n  
method. P r a c t i c a l l y  however, t h e r e  a r e  s e v e r a l  d i f f i c u l t i e s ,  
a l th o u g h  th e se  a re  n o t  in su rm o u n tab le ,  g iv e n  tim e and perhaps  some 
lu c k .
i )  Q u a n t i t i e s  of a n t is e ru m  need ed .
The only  a n t is e ru m  of p r a c t i c a l  use so f a r ,  comes from a 
s in g le  r a b b i t .  To i s o l a t e  a n t ib o d ie s  t o  a s in g l e  a n t ig e n  in
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u s e f u l  q u a n t i t i e s  i t  would be n e c e s s a ry  to  ad so rb  a  c o n s id e ra b le  
q u a n t i t y  of serum . Using the  cyanogen-brom ide method, Img of 
a n t ib o d y  has been i s o l a t e d  from 1ml of serum w ith  a t i t r e  of t h i s  
a n t ib o d y  of 1 in  32 . The t i t r e  of the  p a r t i c u l a r  a n t i - f l u v i a t i l i s  
a n t ib o d y  ( a n t i - 8 )  in  M7 i s  c o n s id e ra b ly  low er th a n  t h i s  ( l : 2  o r  
even l e s s ) .  The a n t ig e n /a n t ib o d y  system  in v o lv e d  i s  one of the  
w eaker ones u n f o r tu n a t e ly .
I t  i s  p ro b ab ly  im p o ss ib le  to  o b ta in  th e  volume of a n t is e ru m  
n e c e s s a ry  from one r a b b i t .  A lthough im m unisation  w ith  F .C .A . 
r e s u l t s  in  a s u s t a in e d  re sp o n se  to  minimum q u a n t i t i e s  of mucus, 
a c e r t a i n  degree  of s p e c i f i c i t y  i s  l o s t .  I f ,  as has been n e c e s s ­
a ry  in  t h i s  s tu d y ,  f u r t h e r  im m unisations a r e  needed , th e  s p e c i f ­
i c i t y  i s  f u r t h e r  red u ce d .
I t  i s  in  t h i s  problem of s u i t a b l e  r a b b i t s  t h a t  lu c k  co u ld  
perhaps  p la y  a p a r t .  M7 was the  only  r a b b i t  out o f  over 20 
immunised t h a t  was of u s e ,  bu t of th e s e  20+, only  seven  were 
immunised a g a i n s t  m a rin u s . A n t i -m arinus  serum i s  th e  on ly  serum 
t h a t  w i l l  d e t e c t  th e  p ro b ab le  eyebrow l i n e  d i f f e r e n c e s  d i s c u s s e d  
above . Out of th e s e  seven  a n t i -m arinus  r a b b i t s ,  on ly  th r e e  were 
good a n t ib o d y  p ro d u ce rs  in  t h a t  th ey  gave a r e l a t i v e l y  h ig h  t i t r e  
serum showing many l i n e s  when c ro s s e d  w ith  marinus a n t ig e n .
W ith a  sample of th r e e  such r a b b i t s ,  i t  i s  im p o ss ib le  to  know 
w hether th e  o ccu rrence  of one r a b b i t  g iv in g  a  serum l i k e  M7 i s  
a  t r u e  r e f l e c t i o n  of the  d i s t r i b u t i o n  of r a b b i t s  s e n s i t i v e  to  the  
d i f f e r e n c e  between p l a n e r i  and f l u v i a t i l i s . I t  was p o s s ib ly  
lucky to  g e t  one such r a b b i t  ou t of t h r e e ,  b u t  i t  i s  e q u a l ly  
p o s s i b l e  t h a t  most r a b b i t s  can d i s c r im in a t e  and t h a t  i t  was unlucky 
to  g e t  two t h a t  co u ld  n o t .  The only  way of i n v e s t i g a t i n g  the
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d i s t r i b u t i o n  of M7-type r a b b i t s  would be t o  immunise and t e s t  a 
much l a r g e r  sam ple .
i i )  Q u a n t i t i e s  of a n t ig e n  n eed e d .
Im m unisation of a s u f f i c i e n t l y  l a rg e  number of r a b b i t s  would 
need  much g r e a t e r  q u a n t i t i e s  of m arinus mucus th a n  have so f a r  
been  u sed ;  a l th o u g h  on ly  sm all  q u a n t i t i e s  f o r  m a in ta in in g  the  
t i t r e  w i th in  s e l e c t e d  r a b b i t s  would be needed a f t e r  th e  i n i t i a l  
im m u n isa t io n .
The a v a i l a b i l i t y  of m arinus a d u l t s  v a r i e s  from season  to  s ea so n ,  
b u t  f o r t u n a t e l y  they  a re  good mucus p ro d u c e r s .  0 .625g (d ry  w t . )  
of mucus would be needed to  immunise 25 r a b b i t s  u s in g  F.C.A. and 
i t  sh o u ld  be p o s s i b l e  to  c o l l e c t  most of t h i s  in  a  good s e a s o n .
F ive  o r  s i x  r a b b i t s ,  d i s c r i m in a t in g  between p l a n e r i  and 
f l u v i a t i l i s  by th e  same c r i t e r i o n  sh o u ld  p ro v id e  s u f f i c i e n t  serum.
I f ,  as  in  M7, the  d i s c r i m in a t io n  i s  by the  p resen ce  of a l i n e  in  
f l u v i a t i l i s , and i t s  absence in  p l a n e r i , p l a n e r i  mucus would be 
r e q u i r e d  to  adso rb  out s o n - s p e c i f i c  a n t i b o d i e s .  I t  i s  ve ry  
d i f f i c u l t  to  C alcula tedhow  much a d s o rb a n t  mucus would be needed, 
n o t  knowing the  e x a c t  t i t r e  of each  a n t ib o d y  in  the  serum, no r  
th e  r a t i o  of a d s o rb a n t  to  an t ib o d y  r e q u i r e d  f o r  an optimum 
r e a c t i o n .  E x t r a p o la t in g  from th e  cyanogen bromide method used  
w ith  a h ig h  t i t r e  an ti-hum an  IgG serum and human IgG, between 
3*0 and 6 .0 g  of mucus would be r e q u i r e d  to  adso rb  ou t th e  a n t î -  
p l a n e r i  a n t ib o d ie s  from 300ml of a serum w ith  th e s e  a n t ib o d ie s  
a t  a t i t r e  of about 1 : 3 2 . 300ml of a d so rb ed  a n t is e ru m  would
y i e l d  abou t 30mg of s p e c i f i c  a n t i - f l u v i a t i l i s  a n t ib o d y ,  w i th  t h i s  
a t  an o r i g i n a l  t i t r e  of 1 :2 ,  a f t e r  s e p a r a t i o n  on f l u v i a t i l i s  mucus.
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Q u a n t i t i e s  s m a l le r  th a n  t h i s  would be d i f f i c u l t  t o  l a b e l .  These 
f i g u r e s  a re  e s t im a te s  and may be inaccu& ate in  e i t h e r  d i r e c t i o n .
Even i f  as l i t t l e  as  Ig  of p l a n e r i  mucus i s  needed , i t  i s  
u n l i k e ly  t h a t  t h i s  q u a n t i t y  co u ld  be c o l l e c t e d  by p r e s e n t  m ethods. 
The y i e l d  p e r  i n d i v id u a l  l a rg e  ammocoete o r  a d u l t  p l a n e r i  was 
abou t 0,3mg (d ry  w t . ) .  I t  i s  p o s s i b l e  t h a t  a  method of s t im u l ­
a t i n g  mucus p ro d u c t io n  can be found b u t  the  number of an im als  
r e q u i r e d  i s  s t i l l  too  g r e a t .
A more f r u i t f u l  approach  would be th e  use of s k in  e x t r a c t s .  
These a re  p o w e rfu l ly  a n t ig e n i c  and i f  a  p h y s ic a l  s e p a r a t i o n  of 
t h e i r  a n t ig e n s  cou ld  be ach ie v e d ,  chosen  a n t ig e n s  co u ld  be used 
as s p e c i f i c  a d s o r b a n ts .  P r e p a r a t iv e  e l e c t r o p h o r e s i s  on a g a r  
has n o t  so  f a r  g iven  a s u i t a b l e  s e p a r a t i o n  b u t  t h i s  i s  p ro b ab ly  
because  the  v a r i a b l e s  in v o lv ed  have n o t  y e t  been f u l l y  e x p lo re d .
Once s u f f i c i e n t  a n t ib o d y  has been i s o l a t e d ,  f lu o r e s c e n t
l a b e l l i n g  sh o u ld  be s t r a i g h t f o r w a r d .  I t  would be n e c e s s a ry  to
e s t a b l i s  h th e  degree  of a u to  f lu o re sc e n c e  of the  u n la b e l l e d  mucus,
and i f  t h i s  i s  u n acc e p ta b ly  h ig h ,  a n  a l t e r n a t i v e  l a b e l  such  as 
125I  co u ld  be u sed .
Given s u f f i c i e n t  t im e ,  and a  good supp ly  of b o th  r a b b i t s  and 
lam preys, t h i s  method i s  cap a b le  of development i n t o  a u s e f u l  
i d e n t i f i c a t i o n  te c h n iq u e .  F o r tu n a t e ly ,  l a b e l l e d  s e r a  and 
l a b e l l e d  a n t ib o d y  s o lu t i o n s  need be used  in  sm a l l  q u a n t i t i e s  in  
v e ry  d i l u t e  s o l u t i o n s .  50mg of l a b e l l e d  a n t ib o d y  shou ld  be 
s u f f i c i e n t  to  t e s t  between 1,000 and 5>000 mucus sm ears .
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B Lampreys and s p é c i a t i o n  
1 "P a i r e d  s p e c i e s ' .
The im m unoe lec tro p h o re t ic  te c h n iq u e s  d e s c r ib e d  co u ld  be used  
to  i d e n t i f y  ammocoetes and i t  i s  now r e l e v a n t  to  c o n s id e r  the  
r e s u l t s  o b ta in e d  w i th  re g a rd  to  lamprey r e l a t i o n s h i p s  and t h e i r  
taxonomic s t a t u s .
None of the  s e r a  gave any p o s i t i v e  r e s u l t s  w ith  T e le o s t  
a n t i g e n s .  This i s  th e  expec ted  r e s u l t  in  view of the  a c c e p te d  
a n c i e n t  o r i g i n  of th e  lam preys .
P . m arinus has been p la c e d  in  a d i f f e r e n t  genus from Lampet r a  
p l a n e r i  and L. f l u v i a t i l i s , and the  im m unoelec tropho res is  of th e  
e x t e r n a l  mucus s u p p o r ts  t h i s  c l a s s i f i c a t i o n  and th e  p ro b ab ly  
long  d iv e rg e n ce  of Petromyzon and Lampet r a  s to c k s .
L. p l a n e r i  and L. f l u v i a t i l i s  seem v e ry  c l o s e l y  r e l a t e d  on 
th e  b a s i s  of th e s e  r e s u l t s .  They a r e  u s u a l l y  re c o rd e d  as  p a i r e d  
s p e c i e s ,  b u t  th e  ex a c t  taxonomic s t a t u s  of th e se  two, and of th e  
o th e r  p a i r e d  s p e c i e s ,  has long  been a rg u e d .  Zanandrea ( 1959b) 
was the  f i r s t  to  use  the  term  " p a i r e d  s p e c i e s '  to  d e s c r ib e  th o se  
lampreys where a n o n - p a r a s i t i c  form i s  m o rp h o lo g ic a l ly  i d e n t i c a l  
w i th ,  o r  v e ry  s i m i l a r  t o ,  a p a r a s i t i c  form ex ce p t  in  a d u l t  s i z e .  
The members of most s p e c ie s  p a i r s  have th e  same d i s t r i b u t i o n ,  
and o f t e n  occur to g e th e r  i n  th e  same r i v e r  sy s tem .
Ten p a r a s i t i c  s p e c ie s  have g iv en  r i s e  to  n o n - p a r a s i t i c  
d e r i v a t i v e s  and Ichthyomyzon b d e l l iu m  has p ro b ab ly  g iv e n  two;
Lampet r a  ja p o n ic a  b e in g  a n c e s t r a l  to  t h r e e .  There a re  a l s o  
v a r io u s  'una ttached*  n o n - p a r a s i t i c  s p e c ie s  which u s u a l ly  show 
c e r t a i n  "degenera te*  f e a t u r e s .
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The morphology of p a i r e d  s p e c i e s ,  d i f f e r e n c e s  and s i m i l ­
a r i t i e s  between them, and t h e i r  taxonomic s t a t u s  have been 
d i s c u s s e d  by , among o th e r s ,  Leger (1924) who a l s o  r e p o r te d  views 
of s e v e r a l  e a r l i e r  a u th o r s ;  Hubbs (1925 ); Hubbs and Trautman 
(1 9 3 7 ) ;  W eissenberg  (1925, 1926 & 1927); C o tro n e i  ( 1927a & 
1927b ) ;  E n e q u is t  (19 3 7 ) ;  Young (1950 );  Z anandrea  (1954, 1958b, 
1959Uc& 1961 ) ;  Vladykov (1958 ); Vladykov and F o l l e t t  (1958 & 
1 9 6 5 ) ;  H a r d is ty  ( 1961a, I 9 6 5  & I 9 6 4 ) ;  P r i v o l 'n e v  ( 1 9 6 4 ) ;
P o t t e r ,  Lanzing  and S tra h a n  ( 1968) and H a r d i s ty ,  P o t t e r  and 
S tu rg e  ( 1970) .
The o r ig i n  of a  n o n - p a r a s i t i c  s p e c ie s  has u s u a l l y  been 
a s c r ib e d  to  paedom orphosis, neo teny  o r  o th e r  p ro c e s s e s  of p r e c ­
oc ious  gonadal development in  the  o r i g i n a l  p a r a s i t i c  p o p u la t io n  
(Leach , 1940 & 1951; Young, 1950 & 1962; Z anandrea , 1956 &
1 9 6 1  and H a r d i s ty ,  I 9 6 O ,  I 9 6 5 ,  I 9 6 5  & 19j70 ) .  O r ig in  by any 
of th e s e  p ro c e s s e s  would so advance s e x u a l  m a tu ra t io n  th a t  
m a tu r i ty  fo llo w s  c l o s e l y  on m etam orphosis , th e  a d u l t  l i f e  b e in g  
red u ced  to  a few months o n ly ,  Zanandrea ( I 9 6 I )  en v isag e d  t h i s  
i n c r e a s i n g l y  e a r l y  m a tu ra t io n  as ta k in g  p la c e  d u r in g  a sequence 
of l i f e  h i s t o r y  changes from f u l l y  anadromous ( L. f l u v i a t i l i s -  
ty p e )  th rough  a la n d lo ck ed  m ig ra to ry  s ta g e  ( la n d lo c k e d  P . 
m arinus- ty p e )  and a f r e s h w a te r  p a r a s i t i c  s t a g e  ( Ichthyomyzon 
u n i c u s p i s - ty p e )  to  th e  brook lamprey type  w ith  th e  com plete  
e l i m i n a t i o n  of th e  a d u l t  f e e d in g  p h a se .
As p a i r e d  s p e c ie s  a r e  so w idesp read ,  i t  i s  s u r p r i s i n g  t h a t  
neo tenous o r  paedomorphic lampreys a re  so r a r e l y  found i f  t h i s  
were the  mode of o r ig i n  of th e  n o n - p a r a s i t i c  s p e c i e s .  Zanandrea  
(1956  & 1957} d e s c r ib e d  12 neotenous fem ale  ammocoetes of
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L. za n a n d re a !  from th e  Po P la i n  in  I t a l y ,  b u t  t h i s  i s  th e  only 
r e p o r te d  case  of neo teny  in  lampreys and no males have been 
r e p o r t e d .
Recent work by H a rd is ty  ( l9& lb  & 1 9 ? 0 ' ) ,  H a r d i s ty ,  P o t t e r  
and S tu rg e  (1970) and H a rd is ty  and Huggins (1970) on th e  growth 
r a t e s  and d u r a t i o n  of l a r v a l  l i f e  of p l a n e r i  and f l u v i a t i l i s  
has su g g e s te d  a d i f f e r e n t  i n t e r p r e t a t i o n  of th e  o r ig i n  of non- 
p a r a s i t i c  lam p rey s .  I t  i s  p ro b ab le  t h a t  b o th  p l a n e r i  and 
f l u v i a t i l i s  have a t o t a l  l i f e  d u r a t io n  of seven  y e a r s  and th a t  
the  t r a n s i t i o n  from th e  p a r a s i t i c  f l u v i a t i l i s  to  th e  n o n - p a r a s i t i c  
p l a n e r i  type of l i f e  h i s t o r y  has been  by a r e l a t i v e  le n g th e n in g  
of th e  l a r v a l  p e r io d .  In  f l u v i a t i l i s  th e  le n g th  of l a r v a l  l i f e  
i s  abou t 4^  y e a rs  and in  p l a n e r i  i t  i s  abou t 6% y e a r s .  I n  b o th  
ca se s  the  f i n a l  l a r v a l  y e a r  i s  p ro b ab ly  a non-grow ing " r e s t i n g  
y e a r " ,  because  m e tam orphosing-leng th  ammocoetes can be found 
th ro u g h o u t th e  y e a r .  A " r e s t i n g  y e a r '  has been su g g e s te d  f o r  
some N orth  American s p e c ie s  by Gage (1928) and Leach (1 9 4 0 ) ;  
and P o t t e r  (1 9 7 0 )  has found ev idence f o r  a non-grow th p e r io d  in  
M ordacia .
The th e o ry  of th e  o r ig i n  of n o n - p a r a s i t i c  lampreys by 
r e l a t i v e  le n g th e n in g  of th e  l a r v a l  p e r io d  e x p la in s  th e  l a r g e r  
s i z e  of th e  n o n - p a r a s i t i c  lampreys a t  m e tam orphosis .  I t  i s  
h a rd  to  en v isag e  an a l t e r n a t i v e  th e o ry  of p re c o c io u s  sex u a l 
m a tu r i ty  t h a t  would accoun t f o r  t h i s  s i z e  d i f f e r e n c e ,  o r  f o r  th e  
undoub ted ly  lo n g e r  p e r io d  of l a r v a l  l i f e  in  p l a n e r i  th a n  in  
f l u v i a t i l i s .
However, a l th o u g h  the  th e o ry  o f  d e lay ed  metamorphosis 
(and th e r e f o r e  le n g th en ed  l a r v a l  l i f e )  e x p la in s  th e  p ro c e s s  in v ­
o lved  in  th e  o r i g i n  of brook lam preys, i t  does n o t  of i t s e l f
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s u g g e s t  a r e a so n  f o r  th e  d e r i v a t i o n  of n o n - p a r a s i t i c  ty p e s ,  nor 
does i t  c l a r i f y  th e  taxonomic s t a t u s  of the  ' p a i r e d  s p e c i e s ' .
2 S p e c ie s  d e f i n i t i o n s  and c o n c e p ts .
S p e c u la t io n s  on the  s p é c i a t i o n  of p l a n e r i  from f l u v i a t i l i s , 
t h e i r  p r e s e n t  r e l a t i o n s h i p  and t h e i r  taxonomic s t a t u s ,  can only 
be u s e f u l  i f  th e  concep t of ' s p e c i e s '  i s  m eaningfu l and i f  th e  
g e n e r a l l y  a c c e p te d  th e o r i e s  of s p é c i a t i o n  have been e x p lo re d .  
U n f o r tu n a te ly ,  s p e c ie s  concep ts  and s p é c i a t i o n  a r e  them selves  
l a r g e l y  m ean ing less  and i r r e l e v a n t  in  t h i s  c o n te x t  u n le s s  they  
a r e  r e l a t e d  to  lam preys , and th e  d i s c u s s io n  t h e r e f o r e  ten d s  to  
become c i r c u l a r .  However, as  th e  " s p e c i e s '  i s  the  most b a s i c ,  
a l th o u g h  the  most e l u s i v e ,  u n i t  in  taxonomy, a b r i e f  d i s c u s s io n  
of s p e c ie s  con cep ts  i s  perhaps the  most f r u i t f u l  p o in t  a t  which 
to  e n t e r  th e  c i r c l e .
Of th e  word " S p e c i e s ' ,  Huxley (1942) w ro te ,  " . . . . l o g i c  
demands t h a t  we sh o u ld  d e f in e  th e  te rm . I t  may be t h a t  lo g ic  
i s  wrong, and th a t  i t  would be b e t t e r  to  le av e  i t  u n d e f in e d ,  
a c c e p t in g  the  f a c t  t h a t  a l l  b i o l o g i s t s  have a p rag m a tic  id e a  
a t  the  back  of t h e i r  h e a d s .  I t  may even be t h a t  th e  word i s  
i n d e f i n a b l e . "
I t  i s  t r u e  t h a t  th e  word " s p e c ie s '  i s  m ean ingfu l to  most 
b i o l o g i s t s ,  b u t  t h a t  t h e r e  have been as many d e f i n i t i o n s  of 
s p e c ie s  s in c e  L innaeus as  t h e r e  have been s y s t e m a t i s t s . "There 
i s  perhaps  no o th e r  s u b je c t  in  b io lo g y  f o r  which one can document 
as  long  s ta n d in g  a  c o n t ro v e r s y  as  the  s p e c ie s  concep t"  (Mayr, 19&9)
-  I l l  -
P a r t  of th e  c o n t ro v e rsy  has always been w hether  or n o t  
s p e c ie s  a re  r e a l  e n t i t i e s ,  or on ly  man made and more or l e s s  
a r b i t r a r y  d i v i s i o n s  of the  "seem ing ly  c h a o t i c  m u l t i f o rm i ty  of 
n a tu re "  (Dobzhansky, 1937). Mayr ( 1969) q u o te s  Bessay ( 19O8 ) 
as  "N ature p roduces  i n d i v id u a l s  and n o th in g  m o r e . . . .S p e c i e s  
have no a c t u a l  e x i s t e n c e  in  n a t u r e .  They a r e  m ental con cep ts  
and n o th in g  m o re . . .S p e c ie s  have been in v e n te d  in  o rd e r  t h a t  we 
may r e f e r  t o  g r e a t  numbers of in d iv id u a l s  c o l l e c t i v e l y . "  This  
p o in t  of view was p o s s ib ly  u s e f u l  when s p e c ie s  were d e f in e d  on 
a p u re ly  m orpho log ica l  b a s i s ,  w ith  an u n d e r ly in g  ty p o lo g ic a l  
co n ce p t ,  b u t  i t  must be u n te n a b le  to  the  m a jo r i t y  of p r e s e n t  
day b i o l o g i s t s .  Not only  i s  th e r e  ample ev idence  of the  
e x i s t e n c e  of d i s c r e t e  g e n e t i c  groups in  n a t u r e ,  b u t ,  as  Dobzhansky 
( 1937) p o in te d  o u t ,  s p e c ie s  a r e  a n e c e s s i t y .  " . . . .M a in te n a n c e  
of l i f e  i s  p o s s i b l e  only  i f  th e  gene p a t t e r n s  whose coherence  i s  
t e s t e d  by n a t u r a l  s e l e c t i o n  a r e  p re v e n te d  from d i s i n t e g r a t i o n  
due to  u n l im i te d  h y b r i d i z a t i o n . "  Most organism s a r e  w e l l  
ad ap ted  to  t h e i r  environm ent and can only  rem ain so by s e g r e g a t io n  
from o th e r  organism s whose a d a p ta t io n s  have been  produced in  
re sp o n se  to  a d i f f e r e n t  env ironm en t.
The m orpho log ica l s p e c ie s  concep t i s  th e  o ld e s t  s c i e n t i f i c  
view of s p e c ie s  and i s  based  on th e  d e f i n i t i o n  " . . . . a  s p e c ie s  i s  
a group of in d iv id u a l s  o r  p o p u la t io n s  w ith  th e  same or s i m i l a r  
m o rp h o lo g ica l  c h a r a c t e r s . "  (M ayr 's  i n t e r p r e t a t i o n  in  1942).
From th e  tim e of L innaeus u n t i l  D a rw in 's  views became w ide ly  
a c c e p te d ,  the m o rpho log ica l  s p e c ie s  concep t gave th e  only  workable 
d e f i n i t i o n  of a s p e c i e s .  I t  embodies an o ld e r  c o n c e p t ,  ' e s s e n t -  
i a l i s m * , in  which observed  d i v e r s i t y  r e f l e c t s  th e  e x i s t e n c e  of
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a f i n i t e  number of u n d e r ly in g  t y p e s .  V a r i a t i o n  i s  due to  the  
im p e r fe c t  m a n i f e s t a t io n  of th e  ty p e s ,  which do n o t  s ta n d  in  
any p a r t i c u l a r  r e l a t i o n s h i p  w i th  each o t h e r .  T h is  e s s e n t i a l i s t  
view was more o r  l e s s  e x p re s se d  by P la t o  ( th e  e i d o s ) and 
A r i s t o t l e ,  and was th e  u n d e r ly in g  p h ilo so p h y  of th e  m orpho log ica l 
s p e c ie s  c o n c e p t .
Most e a r l y  taxonom is ts  used  dead spec im ens, w i th  l i t t l e  or 
no in fo rm a t io n  on t h e i r  ecology o r  b e h a v io u r ,  and under th e se  
c i rc u m s ta n c e s  a m orpho log ica l concep t of s p e c ie s  was the  only 
w orkab le  one. However, even Linnaeus was no t a p u r i s t  in  t h i s  
r e s p e c t ;  he o r i g i n a l l y  c l a s s i f i e d  drake  and duck m a lla rd s  as 
s e p a r a t e  s p e c i e s ,  which on s t r i c t l y  m orpho log ica l  grounds they  
might w e ll  be ,  b u t  he l a t e r  r e c l a s s i f i e d  them c o r r e c t l y  on 
g a in in g  f u r t h e r  in fo rm a t io n  on t h e i r  b io lo g y .
The m orpho log ica l s p e c ie s  concep t has n o t  been e n t i r e l y  
s u p e r s e d e d .  I t  p ro v id e s  th e  only  u s e f u l  way of c l a s s i f y i n g  
groups where in d iv id u a l  specimens only  a r e  a v a i l a b l e ,  o r  where 
th e  b io lo g y  of a group i s  n o t  s u f f i c i e n t l y  w e ll  known. As 
Mayr (1942) w ro te ,  a t te m p ts  have been made to  update  th e  morph­
o lo g i c a l  s p e c ie s  concep t and he quo te s  W ilhelm i ( 1 9 4 0 ) • . . "S p e c ie s  
of h e lm in th s  may be d e f in e d  t e n t a t i v e l y  as  a group of organism s 
th e  l i p i d - f r e e  a n t ig e n  of w hich, when d i l u t e d  to  1:4000  or  more, 
y i e l d s  a p o s i t i v e  p r e c i p i t i n  t e s t  w i th in  1 hour w ith  a r a b b i t  
a n t is e ru m  produced  by i n j e c t i n g  40mg of d ry  w eight l i p i d  f r e e  
a n t ig e n  m a t e r i a l ,  and withdraw n t e n  to  tw elve days a f t e r  the 
l a s t  of f o u r  in t ra v e n o u s  i n j e c t i o n s  a d m in is te re d  every  t h i r d  
d a y ."  T h is  i s ,  in  f a c t ,  a  m orpho log ica l s p e c ie s  d e f i n i t i o n ,  
and i s  p o s s i b ly  even l e s s  u s e f u l  than  the  more t r a d i t i o n a l
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approach  where th e  morphology of th e  whole anim al was c o n s id e re d .
The drawbacks of a p u re ly  m orp h o lo g ica l  s p e c ie s  concep t 
a re  f a i r l y  o b v io u s .  Where a s p e c ie s  shows c o n s id e r a b le  morphol­
o g ic a l  v a r i a t i o n ,  e i t h e r  as  s e x u a l  dimorphism or as d i f f e r e n t  
s ta g e s  in  the  l i f e  h i s t o r y ,  each form i s  l i k e l y  to  be c l a s s i f i e d  
as  a d i f f e r e n t  s p e c i e s .  The b e s t  known example i s  t h a t  of th e  
le p to c e p h a lo u s  l a r v a  of th e  e e l ,  b u t  l a r v a l  lampreys were a l s o  
c l a s s i f i e d  as  a d i f f e r e n t  group from th e  a d u l t  on m orpho log ica l 
grounds u n t i l  t h e i r  b io lo g y  was b e t t e r  known.
M orpho log ica l c l a s s i f i c a t i o n  i s  l i k e l y  to  be in a c c u r a te  a l s o ,  
when a p p l i e d  to  ' s i b l i n g  s p e c i e s ' ,  th o se  s p e c ie s  t h a t  a r e  
ex tre m ely  s i m i l a r  m o rp h o lo g ic a l ly ,  y e t  have d i f f e r e n t  b io l o g ie s  
and may n o t  even be c l o s e l y  r e l a t e d .
The modern concep t of s p e c ie s  -  th e  b i o l o g i c a l  s p e c ie s  concep t 
f o r  want of a more d e s c r i p t i v e  te rm , i s  as  e l a s t i c  as  th e  morphol­
o g ic a l  s p e c ie s  concep t was r i g i d .  The p r i n c i p a l  theme of th e  
b i o l o g i c a l  s p e c ie s  concep t i s  t h a t  of the  r e p ro d u c t iv e  r e l a t i o n ­
s h ip  of p o p u la t io n s .  Thus a  s p e c ie s  i s  d e f in e d  by i t s  non­
in t e r b r e e d i n g  w ith  o th e r  p o p u la t io n s ,  to  be a d i f f e r e n t  .
s p e c ie s  i s  n o t  a m a t te r  of degree  of d i f f e r e n c e  b u t  of r e l a t i o n a l  
d i s t i n c t n e s s , "  (Mayr, I 969) .  T h is  concep t i s  p ro b ab ly  as  c lo s e  
to  th e  r e a l i t y  of s p e c ie s  as  i t  i s  p o s s i b l e  to  g e t ,  b u t  to  d e f in e  
s p e c ie s  by th e se  c r i t e r i a  and to  app ly  such  a d e f i n i t i o n  to  
a c t u a l  groups of organism s i s  v e ry  d i f f i c u l t *  Mayr (1942) w ro te  
t h a t  t r y i n g  to  produce a  b i o l o g i c a l  s p e c ie s  d e f i n i t i o n  was l i k e  
" . . . t r y i n g  to  e s t a b l i s h  a f i x e d  s ta g e  in  th e  e v o lu t io n a ry  s t r e a m .
I f  th e re  i s  e v o lu t io n  in  th e  t r u e  sense  o f  the w o rd . . . .w e  sh o u ld
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f i n d  a l l  k in d s  of s p e c ie s  -  i n c i p i e n t  s p e c i e s ,  m ature s p e c i e s ,  
and i n c i p i e n t  g e n e ra ,  as w e ll  as a l l  in te rm e d ia te  c o n d i t i o n s .
To d e f in e  the  middle s ta g e  of t h i s  s e r i e s  p e r f e c t l y ,  so t h a t  
every  taxonomic u n i t  can be c e r t i f i e d  w i th  co n f id e n ce  as  to  
w hether o r  n o t  i t  i s  a s p e c i e s ,  i s  j u s t  as  im p o ss ib le  as  to  d e f in e  
the m iddle s ta g e  in  the  l i f e  of man, mature man, so w e l l  t h a t  
every  s i n g l e  human male can be i d e n t i f i e d  as  boy, m ature man, 
or o ld  man."
Dobzhansky (1937) d e f in e d  a s p e c ie s  "as  t h a t  s ta g e  of th e  
e v o lu t io n a ry  p ro c e s s  a t  which one a c t u a l l y  o r  p o t e n t i a l l y  
i n t e r b r e e d i n g  a r r a y  of forms becomes g e g re g a te d  i n t o  two or more 
s e p a r a t e  a r r a y s  which a r e  p h y s io lo g i c a l l y  in c a p a b le  of b r e e d in g ."  
Mayr (1942) p o in te d  out t h a t  t h i s / a  d e s c r i p t i o n  of the  p ro c e s s  
of s p é c i a t i o n ,  and t h a t  s p e c ie s  a r e  the  r e s u l t  of the  p ro c e ss  
and n o t  th e  p ro c e ss  i t s e l f .  His d e f i n i t i o n  was t h a t  " s p e c ie s  
a r e  groups of a c t u a l l y  o r  p o t e n t i a l l y  in t e r b r e e d i n g  n a t u r a l  
p o p u la t io n s ,  which a r e  r e p r o d u c t iv e l y  i s o l a t e d  from o th e r  such  
fo rm s ."  As a d e f i n i t i o n  t h i s  p r e s e n t s  as  many problem s as i t  
s o lv e s ;  th e r e  i s  no way of a s s e s s i n g  the  p o t e n t i a l i t y  of i n t e r ­
b re e d in g  between g e o g ra p h ic a l ly  s e p a r a t e  p o p u la t io n s ,  and many 
of the  i s o l a t i n g  mechanisms t h a t  s e rv e  to  p re v e n t  i n t e r b r e e d i n g  
in  n a tu re  a r e  d i s r u p te d  under th e  c o n d i t io n s  of c a p t i v i t y .
I t  i s  d i f f i c u l t ,  t h e r e f o r e ,  to  c l a s s i f y  by t h i s  type  of 
d e f i n i t i o n ,  any p o p u la t io n s  t h a t  do n o t  l i v e  in  a d ja c e n t  or 
o v e r la p p in g  r a n g e s ,  or whose b io lo g y  i s  n o t  w e ll  known. The 
b i o l o g i c a l  s p e c ie s  concep t i s  f r u i t f u l  and w o rth w h ile ,  as i t  i s  
b ased  upon th e  r e p r o d u c t iv e  r e l a t i o n s h i p s  of p o p u la t io n s ,  which 
a re  them se lves  r e f l e c t i o n s  of the  g e n e t ic  n a t u r e ,  and th e r e f o r e  
phylogeny and a d a p ta t io n s  of the  p o p u la t io n s .
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F i n a l l y ,  the  most u s e f u l  of s p e c ie s  concep ts  u t i l i s e s  b o th  
m orpho log ica l and b i o l o g i c a l  d a t a ,  and a l th o u g h  a t  f i r s t  s i g h t  
seems m e an in g le ss ,  i t  i s  in  f a c t  th e  concep t by which most groups 
a re  c l a s s i f i e d .  Darwin in  1859 w rote " I n  d e te rm in in g  w hether 
a form sh o u ld  be ranked  as a s p e c ie s  or a v a r i e t y ,  th e  o p in io n  
of n a t u r a l i s t s  hav ing  sound judgement and wide e x p e r ie n c e  seems 
th e  on ly  guide  to  fo l lo w " .  Or, as  Mayr (1942) pu t i t ,  "A 
s p e c ie s  i s  a sy s te m a t ic  u n i t  which i s  c o n s id e re d  a s p e c ie s  by a 
com petent s y s t e m a t i s t " .
I t  i s  perhaps  too  much to  t r y  and f i n d  a d e f i n i t i o n  of 
s p e c ie s  t h a t  i s  b o th  c o n c ise  and a l l  em brac ing . There a re  too  
many e x c e p t io n s  to  w hatever c r i t e r i a  a re  a p p l i e d ,  th e r e  a re  to o  
many b o r d e r l i n e  c a s e s ,  and th e r e  a r e  too  many p o p u la t io n s  where 
the  n e c e s s a ry  com parisons canno t be made. An u n d e rs ta n d in g  of 
the  n a tu re  of s p e c i e s ,  what th e y  a re  and how th e y  a re  formed, 
and why, i s  what i s  r e a l l y  n e c e s s a ry ;  and a t te m p ts  a t  d e f i n i t i o n s  
as  such w i l l  n o t  add to  t h i s  u n d e r s ta n d in g .  "D ispu tes  as  to  
what c o n s t i t u t e s  a, s p e c ie s  a re  f r u i t l e s s ,  *a s p e c ie s  i s  a th in g  
d e s c r ib e d  as such* . This  i s  s im ply  a m a t te r  of d e f i n i t i o n .  I f  
on grounds of exped iency  one d e f i n i t i o n  i s  p r e f e r a b l e  to  a n o th e r ,  
i t  may be w e l l  to  urge i t s  g e n e ra l  a d o p t io n .  But i t s  a d o p t io n  
o r  r e j e c t i o n  n e i t h e r  add nor s u b t r a c t  one j o t  from our s to c k  
of a s c e r t a i n e d  f a c t " .  (L o tk a ,  1956).
3* The rea so n s  f o r  s p é c i a t i o n
Except in  c a se s  of r a p id  en v iro n m en ta l  change, o f te n  caused  
by human i n t e r f e r e n c e ,  s p e c ie s  a re  in  e q u i l ib r iu m  w ith  t h e i r  
env ironm en t.  T h is  e q u i l ib r iu m  i s  th e  r e s u l t  of th e  p o t e n t i a l l y  
i n f i n i t e  in c re a s e  of any p o p u la t io n  m eeting  the  r e s i s t a n c e  of lim ­
i t i n g  en v iro n m en ta l  f a c t o r s .  " In  lo o k in g  a t  n a t u r e ,  i t  i s  most
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n e c e s s a r y . n e v e r  to  f o r g e t  t h a t  every  s i n g l e  o rg an ic  b e in g  
may be s a i d  to  be s t r i v i n g  to  the  utm ost to  in c r e a s e  in  number, 
t h a t  each l i v e s  by a s t r u g g le  a t  some p e r io d  in  i t s  l i f e ,  t h a t  
heavy d e s t r u c t i o n  in e v i t a b l y  f a l l s  e i t h e r  on th e  young o r  th e  
o ld ,  d u r in g  each g e n e ra t io n  or  a t  r e c u r r e n t  i n t e r v a l s .  L ig h te n  
any check , m i t ig a t e  the  d e s t r u c t i o n  ev e r  so  l i t t l e  and the  
number of th e  s p e c ie s  w i l l  a lm ost s im u l ta n e o u s ly  in c r e a s e  to  
any amount" (Darwin, 1872). The p o t e n t i a l  in c r e a s e  i s  u s u a l ly  
k ep t w i th in  q u i t e  r e s t r i c t e d  l i m i t s .  Lack (1954) found t h a t  
b i r d  p o p u la t io n s  f l u c t u a t e  in  numbers w ith  th e  h ig h e s t  number 
b e in g  u s u a l l y  on ly  two to  f i v e  tim es t h a t  of th e  lo w e s t .
The env ironm en ta l  f a c t o r s  t h a t  r e s t r i c t  u n l im i te d  in c re a s e  
can be c l a s s i f i e d  as  fo l lo w s  (a s  su g g e s te d  by Ajcirewartha &
B irc h ,  1 9 5 4 ) :-
I .  C l im a te .
I I .  Food.
I I I .  A p la c e  in  which to  l i v e .
IV. O ther an im als  of the  same s p e c i e s .
V. O ther organisms of d i f f e r e n t  s p e c i e s .
a) n o n -p re d a to r s .
b) p r e d a t o r s .
A l l  of th e se  env ironm en ta l  f a c t o r s  w i l l  impose l i m i t s  upon 
the  s p e c i e s ,  b o th  as  to  numbers and d i s t r i b u t i o n .
C lim ate  w i l l  u s u a l ly  impose the  l i m i t s  of d i s t r i b u t i o n  and 
may, in  some c a s e s ,  a l s o  r e s t r i c t  th e  a c t u a l  numbers w i th in  a 
s p e c i e s .  I t  i s  u n l i k e ly  however, t h a t  c l im a te  i s  u s u a l ly  the
c h i e f  l i m i t i n g  f a c t o r ,  as i t  i s  no t 'd e n s i t y  d ep en d en t '  (H aldane ,
1954) . Any env ironm en ta l  f a c t o r  t h a t  te n d s  to  m a in ta in  th e  s t a t u s
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quo must be d e n s i ty  dependen t,  i . e .  i t s  e f f e c t s  must be more 
se v e re  a t  h ig h  d e n s i t i e s  of p o p u la t io n  th a n  a t  low. Any 
f a c t o r ,  such  as c l im a te ,  t h a t  i s  no t r e l a t e d  to  a c t u a l  numbers 
must i n e v i t a b l y  le a d  to  u n s ta b le  f l u c t u a t i o n s  in  numbers and 
i f  s u f f i c i e n t l y  s e v e re  in  i t s  a c t i o n  i t  co u ld  le a d  to  th e  
e x t i n c t i o n  of th e  s p e c i e s .  A l l  th e  o th e r  f e a t u r e s  of th e  e n v i r ­
onment l i s t e d  can a c t  as  d e n s i ty -d e p e n d e n t  f a c t o r s .
Food i s  c o n s id e re d  to  be th e  c h i e f  l i m i t i n g  f a c t o r s  a t  a l l  
t r o p h ic  l e v e l s  ex cep t h e r b iv o r e s ,  by H a i r s to n ,  Sm ith  and 
S lobodk in  ( I 960) .  T h is  i s  b ased  on th e  o b s e rv a t io n  t h a t  
f o s s i l  f u e l  a cc u m u la tio n  th ro u g h o u t g e o lo g ic a l  time has been 
n e g l i g i b l e ,  compared w ith  th e  r a t e  of energy  f i x a t i o n  by photo­
s y n t h e s i s .  Almost a l l  of th e  energy  tra p p e d  t h e r e f o r e ,  must 
flow th rough  th e  b io sp h e re  and be l o s t ;  and so  a l l  organisms 
tak en  to g e th e r  must be energy  l i m i t e d .  Any p a r t i c u l a r  l e v e l  
which i s  no t food l im i t e d  m ust, of c o u rs e ,  be h e ld  below the  
food r e s o u rc e  l e v e l .  H a i r s to n  ^ t  a l , ( l 9 6 o ) ,  concluded  t h a t  on ly  
h e rb iv o re s  a r e  n o t  food l i m i t e d  because  th e y  r a r e l y  d e p le te  
t h e i r  fo o d ,  a t  l e a s t  so much t h a t  s t a r v a t i o n  becomes th e  
l i m i t i n g  f a c t o r .  E xcep tions  to  t h i s  have o c c u rre d  when p r e d a to r s
of h e rb iv o re s  have been removed by man and overgrazong  has
r e s u l t e d .  Thus h e r b iv o r e s ,  and h e rb iv o re s  o n ly ,  a r e  p r e d a to r  
l i m i t e d .
While t h i s  view i s  p ro b ab ly  an o v e r s i m p l i f i c a t i o n  i t  i s  
t r u e  t h a t  many s p e c ie s  a re  food l i m i t e d ,  b o th  in  d i s t r i b u t i o n  
and numbers. A 'p l a c e  to  l i v e '  i s  a  l i m i t i n g  f a c t o r  in  
t e r r i t o r i a l  s p e c i e s ,  and in  th o se  t h a t  need p la c e s  to  burrow &c.
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T e r r i t o r i a l  b eh av io u r  may be an a d a p ta t i o n  to  s h a r in g  of l im i t e d  
food r e s o u r c e s .  The a c q u i s i t i o n  of a t e r r i t o r y  en su re s  s u f f i c ­
i e n t  food f o r  t h a t  i n d i v i d u a l .  Lack of enough 'p l a c e s  in  which 
to  l iv e*  w i l l  r e s t r i c t  anim al numbers and a l s o  r e s t r i c t  r a n g e .  
P r e d a t i o n ,  e s p e c i a l l y  p a r a s i t i s m ,  i s  a l i m i t i n g  f a c t o r  i n  a few 
s p e c i e s ,  p a r a s i t i s m  be ing  e s p e c i a l l y  im p o r tan t  a t  h ig h  p o p u la t io n  
d e n s i t i e s .
Whenever a s p e c ie s  i s  r e s t r i c t e d  by a l i m i t e d  r e s o u r c e ,  
c o m p e t i t io n  w i l l  tak e  p la c e  ( s e e  Meaning I  of B irc h ,  1957 f o r  
a  more d e t a i l e d  d i s c u s s i o n ) .
Crombie (1947) s t a t e d  t h a t  th e  p r o p o r t i o n  of organisms 
b e in g  e l im in a te d  by c o m p e t i t io n  w i l l  v a ry  i n v e r s e l y  w ith  th e  
s e v e r i t y  of th e  ag e n c ie s  such  as  c l im a te  o r  p r e d a t io n ,  t h a t  reduce  
th e  r a t i o  of p o p u la t io n  to  r e s o u r c e s .  I f  most s p e c ie s  a re  food  
l i m i t e d  ( H a i r s to n  e t  I 960) ,  th e n  i n t r a -  and i n t e r - s p e c i f i c  
c o m p e t i t io n  must u s u a l ly  be i n t e n s e .
E x i s t i n g  s p e c ie s  a r e  * hemmed in* by t h e i r  env ironm ent,  
e i t h e r  by p h y s ic a l  f a c t o r s  such as  c l i m a t e ,  or th rough  i n t r a ­
s p e c i f i c  c o m p e t i t io n  f o r  l i m i t e d  r e s o u r c e s .  New s p e c ie s  a r i s e  
in  re sp o n se  to  th e s e  l i m i t a t i o n s  imposed by th e  env ironm en t.
A change occurs  t h a t  a l low s the  organism  to  more s u c c e s s f u l l y  
overcome the  env iro n m en ta l  b a r r i e r .  I t  w i l l  e i t h e r  av o id  
c o m p e t i t io n  w ith  the  p a r e n t a l  s p e c ie s  o r  become more s u c c e s s f u l  
in  th e  c o m p e t i t io n .  I f ,  f o r  i n s t a n c e ,  th e  a d a p t a t i o n  i s  to  
c l im a t e ,  a p h y s io lo g i c a l  a d a p t a t i o n  may emerge a f f o r d in g  the  
needed a d v an tag e .  For example, an i n s e c t  s p e c ie s  develops a 
d ia p a u se  mechanism t h a t  a llow s i t  to  o v e rw in te r  s u c c e s s f u l l y  in  
a  h a r s h e r  c l im a te  th a n  i t  cou ld  p r e v io u s ly  t o l e r a t e .  The new
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s p e c ie s  w i l l  be a b le  to  e x p l o i t  a new en v ironm en t.  I f  th e  
a d a p t a t i o n  i s  such  th a t  the  new s p e c ie s  i s  more s u c c e s s f u l  th a n  
the  o ld ,  i t  w i l l  te n d  to  o u s t  th e  o ld  s p e c i e s .
4 . Methods of s p é c i a t i o n
Dobzhansky (1940) and Mayr (1942) d i f f e r e n t i a t e  between the  
two s t a g e s  n e c e s s a ry  f o r  s p é c i a t i o n  to  o c c u r .  The f i r s t  i s  the  
e s ta b l i s h m e n t  of d i v e r s i t y  and the  second i s  th e  development of 
d i s c o n t i n u i t i e s .  White (1959) s t r e s s e d  t h a t  " . . . t h e  r e a l l y  
s i g n i f i c a n t  th in g  in  th e  o r i g i n  of a new s p e c ie s  i s  th e  b u i ld in g  
up of g e n e t i c  i s o l a t i n g  m e c h a n is m s . . ." ,  i . e .  the  development of 
d i s c o n t i n u i t i e s .
Both s ta g e s  a r e  n e c e s s a ry  f o r  s p é c i a t i o n  and th e  second i s  
a l s o  n e c e s s a ry  f o r  the  m ain tenance of th e  i n t e g r i t y  of th e  new 
s p e c ie s  sh o u ld  i t  r e c o n t a c t  th e  p a r e n t a l  s p e c i e s .
T h is  s e c t i o n  of the  d i s c u s s io n  w i l l  c o n s id e r  s p é c i a t i o n  in
the  fo u r  s e c t i o n s : -  a )  th e  o r i g i n  of d i v e r s i t y
b) i s o l a t i n g  mechanisms
c) i s o l a t i o n
d) r a t e  of s p é c i a t i o n .
a)  th e  o r ig i n  of d i v e r s i t y
A l l  p o p u la t io n s ,  s p e c ie s  in c lu d e d ,  show some degree  of v a r ­
i a t i o n .  Much of t h i s  i s  e n v i ro n m e n ta l ly  induced  and as i t  i s  
n o n - h e r e d i t a b l e ,  p la y s  no p a r t  in  e v o l u t io n .
I t  i s  d i f f i c u l t  to  a s s e s s  the  degree  of v a r i a t i o n  in  any 
s p e c i e s .  Dobzhansky ( 1 9 5 0  p o in te d  out t h a t  most v a r i a b i l i t y
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in  w i ld  p o p u la t io n s  i s  co n ce a led  as  the  genes a re  r e c e s s iv e  o r  
l e t h a l  -  "One may n e v e r th e le s s  su s p e c t  t h a t  th e  enormous s t o r e s  
of p o t e n t i a l  v a r i a b i l i t y  found in  D ro so p h i la  sh o u ld  be p a r a l l e l e d  
in  o th e r  o rg an ism s" .  Mayr ( 1963) su g g e s te d  t h a t  th e r e  may be 
up to  400 m u ta t io n a l  s i t e s  p o s s i b l e  on one gene, th e  m u ta t io n s  
r a n g in g  from l e t h a l i t y  to  n o n - d e t e c t a b i l i t y .
However, as  Mayr ( 1969) p o in te d  o u t ,  i t  must always be 
remembered t h a t  no organism i s  a 'b a g  f u l l  of g e n e s ' .
Every s p e c ie s  i s  an a d a p t iv e  complex which f i t s  a c e r t a i n  
n ic h e  and the  a d a p t iv e  v a lu e  of t h i s  complex i s  no t de te rm in ed  
by a few genes b u t  by the  phenotype as a whole (Dobzhansky, 1940). 
A l l  of th e  genes i n t e r a c t ,  each m odify ing  th e  t o t a l  environm ent 
of a l l  of th e  o th e r  genes (Mayr, 1942). Most s p e c ie s  show 
rem arkab le  p heno typ ic  u n ifo rm ity  over c o n s id e r a b le  d i s t a n c e s ,  
such t h a t  gene flow between th e  p a r t s  of the  p o p u la t io n  seems to  
be an in a d eq u a te  e x p la n a t io n .  Mayr ( 1969) su g g e s te d  t h a t  t h i s  
u n i fo rm i ty  i s  because  of th e  e s s e n t i a l  co h es io n  of th e  geno type ; 
a l l  th e  p o p u la t io n s  of a s p e c ie s  w i l l  sh a re  the  same ' e p i s t a t i c  
i n t e r a c t i o n s '  b rough t abou t p a r t l y  by th e  p o s s e s s io n  of th e  
same p l e i o t r o p i c  genes (Dobzhansky, 1 9 5 0 »  i . e .  th o s e  genes t h a t
a f f e c t  more than  one c h a r a c t e r ,  and p a r t l y  because  th e  p o s s i b le
c a n a l i z a t i o n s  of a d a p t iv e  changes a re  th e  same. " . . . . t h e
p o p u la t io n s  of a s p e c ie s  seem to  s h a re  the  same h o m e o s ta t ic
system s and th e  same p h y s io lo g ic a l  c o n s ta n t s  as a consequence 
of th e  same b a s ic  genotype? (Mayr, 19&3). I t  i s  f o r  t h i s  r e a so n  
a l s o ,  t h a t  c l o s e l y  r e l a t e d  s p e c ie s  te n d  to  show th e  same type  
of a d a p t a t i o n  tow ards any g iven  env ironm en ta l  f a c t o r .
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D iv e r s i t y  must th e r e f o r e  be viewed a g a i n s t  the  background 
of th o se  c o h e re n t ,  r a t h e r  s t a b l e ,  gene com plexes.
Simpson (1953) c l a s s i f i e s  the  so u rc e s  of d i v e r s i t y  as  f o l l o w s : -
I .  R ecom bination i )  of genes
i i )  of chromosomes
I I .  M u ta tion  i )  of genes
i i )  of chromosomes
a)  s t r u c t u r a l
b) num erica l
Of t h e s e ,  on ly  m u ta tio n s  can a c t u a l l y  p ro v id e  new g e n e t i c  m a t e r i a l .  
The ’ r e c o m b in a t io n s ' ,  o rd in a ry  M endelian i n h e r i t a n c e  of a l l e l e s ,  
and chromosomal reco m b in a t io n  by gametes w i th  u n l ik e  chromosomes, 
p ro b ab ly  p ro v id e  th e  b a s i s  of i n t r a s p e c i f i c  v a r i a t i o n s  such  as 
polymorphism and g e o g ra p h ic a l  a d a p t a t i o n .
A s p e c ie s  i s  polym orphic i f  i t  shows c o n s i s t e n t  d is c o n t in u o u s  
h e r e d i t a b l e  v a r i a t i o n ;  bu t as  Dobzhansky ( l 9 5 l )  p o in te d  o u t ,  
"Polymorphism i s  a lo o se  d e s c r i p t i v e  term ; a l l  M endelian  popu la ­
t i o n s  a r e  more o r  l e s s  po lym orph ic" .  He c o n s id e re d  t h a t  po ly ­
morphism i s  a d a p t iv e  and i s  m a in ta in e d  when h e te ro z y g o te s  show 
a d a p t iv e  s u p e r i o r i t y  over th e  homozygotes and t h a t  i t  i s  w idesp read  
in  th e  l i v i n g  w o r ld .
T here  a re  many examples of polymorphism, some of which seem 
to  show a c l e a r  c o r r e l a t i o n  w ith  a d a p t a t i o n .  T im ofeeff-R essovsky
( 1940) showed t h a t  the  b e e t l e ,  A d a lia  p i p u n c t a t a , has r e d  and 
b la c k  a d u l t s ,  bo th  th e  r e s u l t  of s im ple  g en o ty p e s .  O v e rw in te r in g  
by the  a d u l t s  produces a m o r t a l i t y  of 96% in  th e  b la c k  a d u l t s  
b u t  on ly  89% in  the  r e d ;  w h i l s t  over the  summer, the  b la c k  form 
in c r e a s e s  r a p i d l y  to  become 595  ̂ of th e  p o p u la t io n  by th e  Autumn.
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D ro so p h i la  pseudobscura  has th r e e  d i f f e r e n t  gene a r r a n g e ­
ments in  C a l i f o r n i a  -  C h i r ic a h u a ,  s ta n d a rd  and arrow head - ,  The 
r e l a t i v e  f req u en cy  of th e  s ta n d a r d  f a l l s  between March and  June 
w h i l s t  t h a t  of C h ir ic a h u a  in c r e a s e s .  D uring  the  h o t  sea so n  of 
th e  y e a r ,  June to  Septem ber, th e  in c re a s e s  a re  r e v e r s e d .
Arrowhead changes a re  l e s s  r e g u la r  bu t l a r g e l y  p a r a l l e l  th o se  of 
C h ir ic a h u a  (Dobzhansky, 1943)* This  p a t t e r n  i s  r e p e a te d  a n n u a l ly  
w ith  minor v a r i a t i o n s .  In  d rough t y e a r s ,  arrow head in c re a s e s  
t o  be o v e r ta k en  by s ta n d a rd  d u r in g  w e t t e r  y e a r s .
C ain  and Sheppard (1954) q u e s t io n e d  Dobzhansky*s th e o ry  of 
a d a p t iv e  polymorphism on th e  grounds t h a t  polymorphism i s  m a in t­
a in e d  by s e l e c t i o n  and no t n e c e s s a r i l y  by a d a p t a t i o n .
G eo g rap h ica l  r a c e s ,  where th o ro u g h ly  i n v e s t i g a t e d ,  have been 
shown to  be a d a p t iv e .  The d i f f e r e n c e  between t h i s  phenomenon 
and polymorphism i s  t h a t  th e  g e o g ra p h ic a l  ra c e s  show con tin u o u s  
v a r i a t i o n  a long  a s e r i e s  a l th o u g h  th e  g r a d a t io n s  between popu la ­
t i o n s  may be s t e e p .  Polymorphism i s  p ro b ab ly  th e  r e s u l t  of 
com bina tions  of a few genes ,  each  showing c o m p ara t iv e ly  m ajor 
e f f e c t s ,  w h i l s t  g e o g ra p h ic a l  v a r i a t i o n s  o r  r a c e s ,  a r e  th e  r e s u l t s  
of reco n h n a t io n s  of s e r i e s  of g en es ,  each  w ith  sm a ll  a d d i t i v e  
e f f e c t s .
Moore (1949 & 1950) r e p o r te d  g e o g ra p h ic a l  r a c e s  o f  Rana 
p ip i e n s  from Canada to  Panama, the  co n t in u o u s  v a r i a b l e  b e in g  th e  
optimum te m p e ra tu re  f o r  egg developm ent. The most n o r t h e r l y  
r a c e s  ( i n  Vermont) had the low est optimum te m p e ra tu re s  w h i l s t  
r a c e s  from F lo r id a  had the  h i g h e s t .  A p o p u la t io n  in  th e  h igh  
m ountains of C os ta  R ic a ,  where te m p e ra tu re s  were g e n e r a l ly  low.
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showed a lower optimum te m p e ra tu re ,  n e a r e r  to  th o se  of Vermont 
th a n  F l o r i d a .  H ybrids between th e  r a c e s  showed d e f e c t s  which 
were most s e v e re  between the  Vermont and F lo r id a  r a c e s ;  th e  C osta  
R ic a  p o p u la t io n  b e in g  more com pa tib le  w ith  th e  n o r th e r n  ra c e s  
th a n  the  s o u th e rn  r a c e s .
Large s c a l e  g e o g ra p h ic a l  v a r i a b i l i t y  p roduces  ' d i n e s *
(H uxley, 1939), a  s e r i e s  of p o p u la t io n s  u s u a l l y  w ith  an e x te n s iv e  
d i s t r i b u t i o n ,  showing co n t in u o u s  v a r i a t i o n  of one or more v a r i a b l e s .  
Examples of such d i n e s  a re  th o se  of th e  g r e a t  l i t .  Parus  m a jo r , 
and th e  h e r r in g  g u l l ,  Larus a rg e n te u s  (Mayr, 1942). Both of 
th e s e  b i r d s  have end s p e c ie s  which a r e  so d i f f e r e n t  t h a t  th ey  
do no t i n t e r b r e e d ,  a l th o u g h  th e re  i s  g e n e t i c  c o n t i n u i t y  between 
them th ro u g h  the  in te rm e d ia te  p o p u la t io n s .
I t  has long been assumed t h a t  g o e g ra p h ic a l  ra c e s  and p o ly ­
morphic p o p u la t io n s  a r e  p o t e n t i a l  s p c i e s .  Dobzhansky (1944) 
w ro te ,  " . . . . t h e  p r i n c i p l e ,  the  v a l i d i t y  of which i s  s e c u r e ly
e s t a b l i s h e d ,  t h a t  s p e c ie s  evo lve  from r a c e s ..........." I t  i s  t r u e
t h a t  s p e c ie s  u s u a l ly  a r i s e  from ra c e s  b u t  i t  must be em phasised 
t h a t  th e  e s s e n t i a l  d i f f e r e n c e  between them i s  r e p ro d u c t iv e  
i s o l a t i o n .  "Races a re  g e n e t i c a l l y  open sy s tem s .  T h e i r  popul­
a t i o n s  a re  c h an n e ls  th rough  which genes can  and do flow  from ra c e  
to  r a c e " .  S p é c i a t io n  n e c e s s i t a t e s  th e  c lo s u r e  of t h i s  system  
by i s o l a t i n g  mechanisms; p o s s i b ly  by a few g e n e t i c  o r  chromosomal 
changes,  o r  perhaps  by the  com plete  r e s t r u c t u r i n g  of the  popu l­
a t i o n  (Mayr, 1969).
As such  a c lo s u r e  i s  n e c e s s a ry ,  s im p le  i s o l a t i o n  of a  geog­
r a p h i c a l  r a c e  or p a r t  of a polym orphic p o p u la t io n ,  w i l l  n o t  g iv e  
a new s p e c i e s .  A l l  th e  g e n e t ic  m a te r i a l  and so u rc e s  of v a r i a b -
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i l i t y  a r e  h e ld  i n  common w ith  th e  p a re n t  p o p u la t io n ,  and i t  seems 
u n l i k e l y  t h a t  mechanisms to  p re v e n t  in t e r b r e e d i n g  co u ld  a r i s e  
from t h i s  m a te r ia l*  Such mechanisms would, a f t e r  a l l ,  be d is a d v ­
an tageous  to  a con t in u o u s  p o p u la t io n  and com bina tions  te n d in g  to  
produce them would be s e l e c t e d  a g a i n s t ,  a l th o u g h  re c o m b in a t io n s  
can produce a d a p t a t i o n s .
I t  i s  n e c e s s a ry  t h e r e f o r e ,  to  look  a t  S im pson 's  (1953) 
c a te g o ry  I I  ( s e e  p .  121) of v a r i a t i o n  f o r  th o se  f a c t o r s  t h a t  
may produce g e n e t ic  i s o l a t i o n ,  and th e r e f o r e  the  p o t e n t i a l  f o r  
s p é c i a t i o n .
G en e tic  m u ta t io n  ( l l i )  i s  s e l f  e x p la n a to r y .  Chromosome 
m u ta t io n s  ( I l i i )  in c lu d e  d u p l i c a t i o n s ,  t r a n s l o c a t i o n s  and 
in v e r s io n s  b e in g  s t r u c t u r a l  changes ( i . e . I I i i a )  and changes i n  
karyosome number such as  p o ly p lo id y  ( i . e . I I i i b ) .
The c y t o l o g i c a l  causes  of most m u ta tio n s  canno t be e a s i l y  
i n v e s t i g a t e d ;  a phjieotypic change r e s u l t i n g  from m u ta t io n  may be 
caused  by a  gene m u ta t io n  or a chromosomal m uta tion#  The 
subsequen t h i s t o r y  of a  m u ta tio n  however, may be g r e a t l y  a f f e c t e d  
by i t s  c a u s e .  A s in g le  gene m u ta t io n  w i l l  obey th e  r u l e s  of 
M endelian  i n h e r i t a n c e  and e s p e c i a l l y  i f  i t  i s  r e c e s s i v e ,  i t  w i l l  
be a b so rb ed  in t o  the  p a r e n t a l  g en o ty p e .  I f ,  as  i s  l i k e l y  in  a 
w e ll  a d ap td d  s p e c i e s ,  i t  i s  d is a d v a n ta g e o u s ,  i t  w i l l  be s e l e c t e d  
a g a i n s t .  Chromosomal m u ta tio n s  may a l s o  be 'sw allow ed  up* by 
the  p a r e n t a l  geno ty p e .  Where changes in  the  number of chromos­
omes i s  in v o lv e d  however, as  in  p o ly p lo id y ,  th e  s p l i t t i n g  of a 
m e ta c e n t r ic  chromosome i n t o  two a c r o c e n t r i c s ,  or th e  fu s io n  of 
two a c r o c e n t r i c s  t o  g iv e  one m e ta c e n t r i c ,  f u s io n  between gametes
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w ith  the  new number and p a r e n t a l - t y p e  gametes i s  l i k e l y  to  be 
d e f e c t iv e  (W hite , 1957).
As m u ta tio n s  can produce new g e n e t i c  m a te r i a l  and th e r e f o r e  
the  p o t e n t i a l i t y  of i s o l a t i n g  mechanisms, i t  i s  from th e se  ev en ts  
t h a t  th e  major s p e c i f i c  d i f f e r e n c e s  w i l l  a r i s e .
b) I s o l a t i n g  mechanisms
The second , and perhaps  the  most c r u c i a l  s ta g e  of s p é c i a t i o n  
i s  th e  e s ta b l i s h m e n t  of d i s c o n t i n u i t i e s  between p o p u la t io n s  t h a t  
a re  d i v e r g i n g .  " . . . t h e  e s s e n t i a l  f e a t u r e  of th e  p ro c e ss  of 
s p e c ie s  d i f f e r e n t i a t i o n  i s  th e  fo rm a t io n  of d i s c r e t e  groups of 
in d i v id u a l s  which a r e  p re v e n te d  from i n t e r b r e e d i n g  w ith  o th e r  
s i m i l a r  groups by one o r  more i s o l a t i n g  mechanisms. The e x p re s s ­
ion  ' i s o l a t i n g  mechanisms' seems to  be a co n v en ien t  g e n e ra l  name 
f o r  a l l  th e  mechanisms h in d e r in g  or p r e v e n t in g  the  i n t e r b r e e d i n g  
of r a c i a l  complexes o r  s p e c i e s . "  (Dobzhansky, 1937).
A lthough  a new type  of p o p u la t io n  may form th rough  the  
a cc u m u la tio n  of a d a p t iv e  g e n e t ic  d i f f e r e n c e s ,  i t  w i l l  no t neces­
s a r i l y  s p e c i a t e .  To become a good s p e c ie s  a p o p u la t io n  must 
a c q u i re  g e n e t ic  o r  chromosomal mechanisms t h a t  w i l l  p re v e n t  gene 
flow  between i t  and any o th e r  s p e c i e s .
I s o l a t i n g  mechanisms a re  d i s t i n c t  from th e  accu m u la tio n  of 
d i f f e r e n c e s  and a d a p ta t io n s  t h a t  en ab le  th e  p o p u la t io n  to  f i l l  
a new n ic h e  and they  may be d isad v an tag eo u s  to  th e  o r i g i n a l  
p a r e n t a l  p o p u la t io n  sh o u ld  they  a r i s e  p re m a tu re ly .
Dobzhansky (1940) w rote t h a t  i s o l a t i n g  mechanisms o re  a
are
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th e  new complex may even be d e l e t e r i o u s  d u r in g  p a r t  of th e  l i f e  
h i s t o r y ,  b u t  i f  th e y  a re  advantageous a t  a n o th e r  s t a g e  o r  n e c e ss ­
a ry  to  p re s e rv e  th e  b a lan ce  of th e  whole complex, th ey  w i l l  be 
in c o rp o r a te d .  I t  i s  from th e se  p e r i p h e r a l  ch an g es ,  no t d i r e c t l y  
e n v i ro n m e n ta l ly  a d a p t iv e ,  t h a t  most i s o l a t i n g  mechanisms p ro b ab ly  
a r i s e ,  as  i n c i d e n t a l  b y -p ro d u c ts  of g e n e t i c  d iv e rg e n ce  (Mayr, 19&3)*
This must c e r t a i n l y  be so in  th e  case  of ‘ s t e r i l i t y  genes* , 
e s p e c i a l l y  i f  such genes a re  s e p a r a t e  f ro m ’p h y s io lo g y  and morph­
ology genes* , as  Dobzhansky (1940) b e l i e v e s ,  as th e y  would be 
h ig h ly  d isad v an tag eo u s  in  a c o h e re n t  p o p u la t io n .
As f a r  as  i s  known, a l l  i s o l a t i n g  mechanisms, w i th  one 
e x c e p t io n ,  a re  th e  r e s u l t  of changes in  th e  g e n e t i c  complex, 
r a t h e r  th a n  s in g le  g e n e t ic  o r  chromosomal m u ta t io n s .  The 
e x c e p t io n  i s  p o ly p lo id y ,  b u t  t h i s  i s  th e  only  c a se  where a s i n g l e  change 
co u ld  g iv e  com ple te ,  s i n g l e  s t e p  r e p ro d u c t iv e  i s o l a t i o n .
There have been  many c l a s s i f i c a t i o n s  of ty p e s  of i s o l a t i n g  
mechanisms; th e  m ajor ones a re  g iv en  in  Table  X. The v a r io u s  
c a t e g o r i e s  a r ra n g e d  by the  d i f f e r e n t  a u th o rs  a r e  a l l  m eaningfu l 
bu t  i n  d i f f e r e n t  r e s p e c t s .  Dobzhansky (1937^ l i s t e d  th e
a c t u a l  mechanisms whereby gene exchange was p re v e n te d  and Lee (19&7) 
makes th e  p o in t  t h a t  only  p r e - f e r t i l i s a t i o n  b a r r i e r s  a r e  r e a l l y  
e f f i c i e n t .
((dc^f&phical i s o l a t i o n ,  an elem ent of Mayr’ s (1942) ‘ r e s t r i c t i o n  
of random mating* o p e ra te s  e i t h e r  w ith  g eo g rap h ic  o r  s p a t i a l  
i s o l a t i o n ,  where th e  p o p u la t io n s  occur in  d i f f e r e n t  t e r r i t o r i e s .
I t  i s  n o t  a t r u e  i s o l a t i n g  mechanism* as i t  i s  o b v io u s ly  no t 
i n t r i n s i c  to  the  s p e c i e s .  Remove th e  g e o g ra p h ic a l  b a r r i e r  and 
u n le ss  o th e r  mechanisms have develope(^  *in t r o g r e s s io n *  (B igelow ,
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1965) w i l l  occur and the p o p u la t io n s  w i l l  merge. " S p a t i a l  
s e p a r a t i o n '  i s  d i s t i n c t  b eca u se ,  of i t s e l f ,  i t  has no g e n e t i c  
b a s i s  and co n se q u e n t ly  no re le v a n c e  to  taxonomy even though i t  
may s e t  the  s ta g e  f o r  e v o lu t io n a r y  d iv e rg e n c e  and s p é c i a t i o n  
(L ew is ,  1969) .
E c o lo g ic a l  i s o l a t i o n ,  where b re e d in g  p o p u la t io n s  occu r  in  
d i f f e r e n t  h a b i t a t s ,  o r  b re e d in g  occurs  a t  d i f f e r e n t  t im e s ,  i s  
g e n e t i c a l l y  based  and i t  i s  a f a i r l y  common i s o l a t i n g  mechanism. 
Dobzhansky ( 1937) g iv es  th e  example of G a s te ro s te u s  in  Belgium, 
the  two p o p u la t io n s  of which a re  i s o l a t e d  by b o th  h a b i t a t  and 
b re e d in g  s e a s o n .  A lthough h y b r id s  can be a r t i f i c i a l l y  produced , 
they  ap p ea r  r a r e l y  in  n a t u r e .
The two s p e c ie s  of f i e l d  c r i c k e t s .  A cheta  p e n n sy lv an iu s  
and A. v e l e t i s , d e s c r ib e d  by A lexander and Bigelow ( 1960) a re  
i s o l a t e d  a p p a r e n t ly  by tim e of b re e d in g  a lo n e  and t h i s  i s  th e  r e s ­
u l t  of d i f f e r e n t  o v e rw in te r in g  s t a g e s .  E c o lo g ic a l  i s o l a t i o n  
a lone  i s  a r a t h e r  u n c e r t a in  i s o l a t i n g  mechanism; i f  h a b i t a t  
d i f f e r e n c e s  s e p a r a t e  two p o p u la t io n s  t h e r e  i s  always th e  chance 
of h y b r id s  where th e  two h a b i t a t s  m eet.  S im i l a r l y ,  h y b r id s  
may o f t e n  occu r  i f  the  b re e d in g  seasons  a re  n o t  s u f f i c i e n t l y  
s e p a r a t e d .  By d e f i n i t i o n ,  i f  e c o l o g ic a l  i s o l a t i o n  i s  th e  
only i s o l a t i n g  mechanism, h y b r id s  w i l l  be f u l l y  f e r t i l e  and 
v ia b le  and th e r e  w i l l  be no f u r t h e r  b a r r i e r  to  gene f low .
Sexual i s o l a t i o n ,  i . e .  weakness o r  la c k  of a t t r a c t i o n  
between males and fem ales  of d i f f e r e n t  s p e c i e s ,  was i l l u s t r a t e d  
by Dobzhansky (1937) between r a c e s  of D ro so p h i la  p se u d o b scu ra , 
and between D. pseudobscu ra  and D. m iran d a . I t s  b a s i s  i s  o f te n  
b e h a v io u ra l  a l th o u g h  t h i s  i s  no t always p o s s ib le  t o  i n v e s t i g a t e .
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C lo s e ly  r e l a t e d  f ro g s  of the  genus H e le io p o ru s  were r e p ro d -  
u c t i v e l y  i s o l a t e d  by th e  s e l e c t i o n  of s p e c i e s - s p e c i f i c  male 
m ating  c a l l s  by th e  female (L ee , 19&7)*
M echanical i s o l a t i o n  i s  o cca s io n ed  by th e  non-co rrespondence  
o f  g e n i t a l i a  p h y s i c a l l y .  Many c l o s e l y  r e l a t e d  i n s e c t  s p e c ie s  
show c l e a r  d i f f e r e n c e s  in  th e  g e n i t a l i a  a l th o u g h  th e y  a re  o th e r ­
w ise  m o rp h o lo g ic a l ly  s i m i l a r .  These g e n i t a l  d i f f e r e n c e s  may 
w e l l  be th e  p r im ary  i s o l a t i n g  mechanism in  th e se  s p e c i e s .
A l l  of the  i s o l a t i n g  mechanisms so f a r  m entioned a re  
c l a s s i f i e d  by Mayr (1942) as  e i t h e r  r e s t r i c t i n g  random d i s p e r s a l  
or as  r e s t r i c t i n g  random m a tin g .  They a r e  a l l  p r e - f e r t i l i s a t i o n  
mechanisms, so gametes a r e  n o t  w as ted .
The o th e r  i s o l a t i n g  mechanisms, the  p o s t - f e r t i l i s a t i o n  ty p e s ,  
can  be c l a s s i f i e d  as  a s e r i e s  of v i a b i l i t i e s .  At one end of th e  
s c a l e  i s  Dobzhansky*s " g e n e t ic  i s o l a t i o n *  when th e  sperm atozoa 
of one s p e c ie s  a r e  not a t t r a c t e d  to  the  ova of a n o th e r ,  o f t e n
because  of chromosomal d i s c r e p a n c ie s  o r  "m e io t ic  d rive*  (S a n d le r
and N o v i t s k i ,  1957)» or a r e  p o o r ly  v ia b le  in  th e  s e x u a l  d u c t s .
At th e  o the r  end i s  "hyb rid  breakdown*, a lo o se  term  used  by 
Dobzhansky to  d e s c r ib e  s t e r i l i t y  , i n v i a b i l i t y  o r  a d a p t iv e  
i n f e r i o r i t y  of g e n e r a t io n  c r o s s e s ,  o r  b a c k -c ro s s  h y b r id s .  For 
such  h y b r id  breakdown to  be i s o l a t i n g ,  gametes must be i n t e r -  
f e r t i l e  and F  ̂ h y b r id s  v i a b l e  and a t  l e a s t  p a r t l y  f e r t i l e .  I n  
such  a s i t u a t i o n  th e r e  i s  a  danger of i n t r o g r e s s i o n  and b l u r r i n g
of th e  s p e c ie s  l i m i t s .  More commonly, F  ̂ h y b r id s ,  i f  p roduced
a t  a l l ,  a r e  p o o r ly  v i a b l e ,  o r  a t  l e a s t  one sex  i s  s t e r i l e .
A lthough i n t e r s p e c i f i c  s t e r i l i t y  i s  p ro b ab ly  th e  commonest 
and c e r t a i n l y  the  b e s t  re c o g n ise d  i s o l a t i n g  mechanism, i t s  o r i g i n  
i s  u n c e r t a i n .  F i s h e r  (1930) p o in te d  out t h a t  i f  h y b r id s  between
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two groups a r e  i n f e r t i l e ,  genes te n d in g  to  d e c re a s e  f u t u r e  c r o s s ­
m atings w i l l  be s e l e c t e d ,  and l a t e r  g e n e ra t io n s  w i l l  te n d  to  mate 
in t r a - g r o u p  r a t h e r  than  in t e r - g r o u p .  However, t h i s  assumes 
p r im ary  h y b r id  s t e r i l i t y .  I f  A and B g ive  a s t e r i l e  h y b r id ,  
how can B be d e r iv e d  from A? ( S t u r t e v a n t ,  1938)* Such s t e r i l i t y  
can only  be a r r i v e d  a t  by s t a g e s ,  w i th  th e  i n i t i a l  h y b r id s  b e in g  
more f e r t i l e  th a n  l a t e r  ones .  "This  i n f e r t i l i t y  must be supposed 
to  in c re a s e  up to  com plete s t e r i l i t y  -  y e t  a t  f i r s t  s i g h t  i t  seems 
t h a t  a d ec re a se  i n  f e r t i l i t y  i s  p r e c i s e l y  what s e l e c t i o n  canno t 
do" ( s t u r t e v a n t ,  1938). W ith in  th e  h y b r id  group i t s e l f ,  s e l e c t ­
ion  i s  going to  in c r e a s e  the  f e r t i l i t y .
I t  i s  u n l i k e ly  t h a t  h y b r id  s t e r i l i t y  i s  th e  i n i t i a l  i s o l a t i n g  
mechanism d u r in g  s p é c i a t i o n  by any p ro c e s s  excep t p o ly p lo id y ,  
and i t s  o r i g i n  i s  p ro b ab ly  s i m i l a r  to  t h a t  of o th e r  i s o l a t i n g  
mechanisms d is c u s s e d  below.
Most s p e c ie s  i n v e s t i g a t e d  have s e v e r a l  i s o l a t i n g  mechanisms. 
I f  iwo good s p e c ie s  a re  e s t a b l i s h e d  in  th e  same g e o g ra p h ic a l  a r e a ,  
i t  i s  ax io m a tic  t h a t  they  a r e  u t i l i s i n g  d i f f e r e n t  r e s o u r c e s .
This b e in g  so ,  many s p e c ie s  a r e  e c o l o g i c a l l y  i s o l a t e d  to  some 
d e g re e ,  b u t  th e  e c o lo g ic a l  i s o l a t i o n  i s  a lm os t always r e in f o r c e d  
by e t h o l o g i c a l  mechanisms e s p e c i a l l y  where the  s p e c ie s  a r e  c l o s e l y  
r e l a t e d ,  or have s i m i l a r  e c o l o g ie s .  Most s p e c ie s  of p a s s e r in e  
b i r d s  show e c o l o g ic a l  i s o l a t i o n  of some d e g re e ,  s t r o n g ly  r e i n f ­
orced  by e t h o l o g i c a l l y  based  i s o l a t i o n ,  e . g .  c l o s e l y  r e l a t e d  
s p e c ie s  show d i s t i n c t  plumage p a t t e r n s  and have c h a r a c t e r i s t i c  
c a l l s .  P rim ary  e c o lo g ic a l  s p é c i a t i o n  of L e e 's  anurans  (19&7) 
i s  by cho ice  of spawning s i t u a t i o n ,  b u t  p re -m a t in g  i s o l a t i o n  i s  
ach ieved  by th e  s p e c i e s - s p e c i f i c  c a l l s  of the  males# Reproduc­
t i v e  i s o l a t i o n  i s  o f t e n  en su red  by s e v e r a l  mechanisms, each  r a t h e r
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weak in  i t s e l f ,  b u t  when ta k en  to g e th e r  com plete  i s o l a t i o n  i s  
e n su re d .
How i s o l a t i n g  mechanisms evo lve  and become e s t a b l i s h e d  
th ro u g h o u t a new s p e c ie s  has been the  s u b je c t  of much d i s c u s s i o n .  
The two th e o r i e s  a re  e i t h e r  t h a t  i s o l a t i n g  mechanisms a r i s e  d u r in g  
the p e r io d  of i s o l a t i o n  of the  em ergent s p e c i e s ,  o r  t h a t  th e y  
a r i s e  a d a p t iv e l y  when th e  i n c i p i e n t  s p e c ie s  a g a in  come i n t o  
c o n t a c t .  A lthough b o th  of th e se  views have f la w s ,  they  a r e  no t 
r e a l l y  in c o m p a tib le  and th ey  a re  p ro b ab ly  two s t a g e s  in  th e  a c q i s -  
i t i o n  of an i s o l a t i n g  mechanism.
The f i r s t  th e o ry  s t a t e s  t h a t  "two p o p u la t io n s  t h a t  a re  
c o m p le te ly  i s o l a t e d  g e o g ra p h ic a l ly  w i l l ,  i n  th e  c o u rse  of t im e ,  
diverge g e n e t i c a l l y  so  t h a t  when th ey  a r e  b ro u g h t  t o g e th e r  a g a i n . . .  
th ey  w i l l  be found to  be g e n e t i c a l l y  i s o l a t e d  in  v a r io u s  ways' 
(W hite , 1959).
I s o l a t i n g  mechanisms a r i s e  as  i n c i d e n t a l  b y -p ro d u c ts  of 
g e n e t ic  d iv e rg e n c e ,  and h y b r id s  must t h e r e f o r e  be e i t h e r  s t e r i l e  
o r  i n v i a b l e .  I n  g e n e r a l ,  t h i s  th e o ry  i s  p ro b a b ly  c o r r e c t ,  b u t  
th e re  a r e  drawbacks when i t  i s  c o n s id e re d  in  d e t a i l ,
Dobzhansky ( 194-0) p o in te d  out t h a t  the  acc u m u la t io n  of 
g e n e t i c  changes does no t n e c e s s a r i l y  induce i s o l a t i o n .  He q uo ted  
experim en ts  w ith  D ro so p h i la  in  which ra c e s  d i f f e r i n g  by more th a n  
a dozen genes have been s y n th e s i s e d ,  w ith o u t  im p a ir in g  i n t e r ­
f e r t i l i t y .  He added t h a t  t h i s  i s  no t p roo f  t h a t  s t r a i n s  d i f f e r i n g  
in  hundreds of genes would show no l i m i t a t i o n s  on c r o s s - b r e e d in g .  
Bigelow ( 1965) s t a t e d  t h a t  "Mechanisms th a t  i n h i b i t  i n t e r b r e e d i n g  
c o u ld  evo lve  i n c i d e n t a l l y  d u r in g  geog raph ic  i s o l a t i o n  to  a  l e v e l
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t h a t  would i n h i b i t ,  o r  even p r e v e n t ,  i n t e r b r e e d i n g  even between 
o th e rw ise  g e n e t i c a l l y  co m p a tib le  p o p u la t io n s ,  and such mechan­
isms might m a in ta in  e f f e c t i v e  r e p ro d u c t iv e  i s o l a t i o n  i f  c o n ta c t  
sh o u ld  be r e g a in e d ."  Such i s o l a t i o n  would, however, be p r e c a r ­
io u s  as  th ey  would no t n e c e s s a r i l y  in v o lv e  fundam ental g e n e t i c  
i n c o m p a t i b i l i t y .  I f  th e  i s o l a t i o n  sh o u ld  b eg in  to  b re a k  down 
as  i s  p o s s i b le  as  th e  r e s u l t  of m u ta t io n ,  th e re  would be a 
growing f lo o d  of genes in to  b o th  p o p u la t io n s  from th e  o th e r  and 
th e  i s o l a t i o n  would be e ra s e d  (B igelow , 19&5).
The main drawback however, i s  the  c o s t  to  th e  p o p u la t io n  of 
s e l e c t i n g  any p a r t i c u l a r  t r a i t ,  and t h i s  c o s t  may be un b earab ly  
h ig h  i f  th e  t r a i t  i s  n o t  a d a p t iv e .  S p ec ie s  gene poo ls  a r e  
harmonious wholes and a new s p e c ie s  must r e o r g a n i s e  i t s  gene 
poo l c o n ta in in g  th e  new a d a p ta t i o n s  such t h a t  i t  rem ains harmon­
io u s  •
The c o s t  of s e l e c t i o n  of any one a l l e l e  i s  v e ry  h igh  acc o rd ­
in g  to  Haldane (1 9 5 7 ) .  The d e a th s  of a number of i n d iv id u a l s  
eq u a l  to  t h i r t y  tim es  th o se  in  one g e n e ra t io n  a r e  needed to  
s u b s t i t u t e  one gene f o r  a n o th e r  a t  a s in g l e  l o c u s .  I f  t h i s  i s  
s o ,  gene changes t h a t  a re  no t a d a p t iv e ly  s u p e r io r  a r e  d is a d v a n t ­
ageous to  th e  p o p u la t io n  as  a whole and e s p e c i a l l y  so i f  they  
d i s r u p t  th e  harmony of th e  whole gene p o o l .
I t  i s  d i f f i c u l t  to  see  th e r e fo r e , how is o la t in g  mechanisms, 
th a t alm ost always req u ire  more than one gene change, cou ld  a r is e  
w ith in  a p op u la tio n , spread and become f ix e d  when they are not 
of ad ap tive  va lue a t th a t tim e. Development of i s o la t in g  
mechanisms are l ik e ly  a t  some tim e to be disadvantageous to  the  
is o la t e d  population* For example, i f  a p aren ta l p op u la tion  breeds
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i n  June and the  i s o l a t e  a c q u i re s  a  gene g iv in g  August b r e e d in g ,  
most of th e  p o p u la t io n  w i l l  s t i l l  be Ju n e -b re e d in g  and th e  A ugust-  
b re e d in g  in d i v id u a l s  w i l l  be a t  a  d i s a d v a n ta g e .  The p r i n c i p l e  
e x e m p li f ie d  a p p l i e s  to  any i s o l a t i n g  mechanism in  g e n e r a l .
The second th e o ry  of how i s o l a t i n g  mechanisms became 
e s t a b l i s h e d  i s  t h a t  of W allace (1959)* He su g g e s te d  t h a t  h y b r id s  
between th e  two p o p u la t io n s  would have a lower v i a b i l i t y  and 
e l im i n a t io n  of th e se  would le a d  to  the  s u r v i v a l  of genotypes  t h a t  
on ly  b re e d  t r u l y .  However, the  remarks above on h y b r id  s t e r ­
i l i t y  a r e  r e l e v a n t  h e re ;  th e r e  can be no p r im ary  h y b r id  s t e r i l i t y  
between p a r e n t  and d au g h te r  p o p u la t io n s  and n a t u r a l  s e l e c t i o n  
w i l l  i n c re a s e  f e r t i l i t y ,  n o t  s t e r i l i t y ,  w herever i t  a c t s .
S econd ly , Mayr (19&3) showed t h a t  b a c k -c ro s s in g  and i n t r o g r e s s i o n  
of any h y b r id s  w i l l  le a d  to  a weakening of th e  i s o l a t i n g  mechan­
ism s.
The r e a l  o r i g i n  of i s o l a t i n g  mechanisms i s  probably a  
com bination  of th e s e  two t h e o r i e s .  Any p o p u la t io n ,  i s o l a t e d  
from i t s  p a r e n t a l  p o p u la t io n  w i l l  b eg in  to  d iv e rg e  from i t .  Mayr 
( 1963) gave th r e e  main re a so n s  f o r  t h i s  d iv e rg e n c e .  F i r s t l y ,  
no two env ironm ents  a re  e x a c t ly  a l i k e  and as th e  i s o l a t e  i s  now 
g e n e t i c a l l y  independen t of th e  c o n s e rv a t iv e  e f f e c t  of th e  main 
gene p o o l ,  i t  can respond  f u l l y  to  th e  new s e l e c t i o n  p r e s s u r e s .  
S econdly , th e  i s o l a t e  w i l l  no t have th e  same g e n e t i c  c o n s t i t u t i o n  
as  the p a r e n t a l  p o p u la t io n .  Most i s o l a t e s  a r e  sm a ll  in  numbers 
compared w ith  the  o r i g i n a l  t o t a l  and w i l l  c o n ta in  only  p a r t  of 
the  t o t a l  p a r e n t a l  g e n e t ic  v a r i a t i o n .  T h is  means t h a t  some r a r e  
genes may occu r  a t  h igh  f r e q u e n c i e s ;  t h a t  homozygotes r a p i d l y  become 
more f r e q u e n t  and t h a t  by th e  Sew all^W right e f f e c t ,  many genes 
may be t o t a l l y  l o s t .
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T h ird ly  th e  b ases  of e v o lu t io n  w i l l  no t p ro ceed  in  p a r a l l e l  
i n  th e  two p o p u la t io n s .  The p r o b a b i l i t y  t h a t  the  same m u ta tio n s  
and reco m b in a t io n s  would occur a t  th e  same time in  b o th  p o p u la t ­
ions  i s  v e ry  rem o te .
As th e  d iv e rg e n ce  i n c r e a s e s ,  i s o l a t i n g  mechanisms may a r i s e  
b u t  because  they  a r e  a d a p t iv e  ijn s i t u , n o t  in  th e  p r e - a d a p t iv e  
sense  of t h e i r  u s e fu ln e s s  as  i s o l a t i n g  mechanisms. The August 
b re e d in g  in d i v id u a l s  p roposed  above may be a d a p t iv e ly  s u p e r io r  
in  th e  new environm ent and so A u g u s t-b reed in g  w i l l  become f ix e d  
and th e  two p o p u la t io n s  w i l l  be e f f e c t i v e l y  i s o l a t e d  sh o u ld  they  
r e g a in  c o n t a c t .  Most i s o l a t i n g  mechanisms, e s p e c i a l l y  e th o lo g ­
i c a l  o nes ,  w i l l  n o t  be a d a p t iv e  in  t h i s  way.
I f  the  two p o p u la t io n s  d iv e rg e  enough th ey  may become g en e t­
i c a l l y  in c o m p a tib le  th rough  chromosomal changes ,  and w i l l  be 
e f f e c t i v e l y  i s o l a t e d  even though in t e r - m a t in g  may take  p l a c e .
Most p o p u la t io n s  p ro b ab ly  do no t d iv e rg e  to  t h i s  e x t e n t  
b e fo re  c o n ta c t  i s  r e - e s t a b l i s h e d .  I f ,  on r e c o n t a c t ,  no n ic h e -  
d i v e r s i f i c a t i o n  has ta k en  p la c e ,  one s p e c ie s  w i l l  e v e n tu a l ly  
e l im in a te  th e  o t h e r .  I f ,  on the  o th e r  hand, b o th  s p e c ie s  a re  
w e l l  a d a p te d  to  t h e i r  p a r t i c u l a r  environm ents  a c e r t a i n  amount 
of e c o l o g ic a l  i s o l a t i o n  may in t e r v e n e ,  b u t  anyway, gene flow  i n t o  
such  a p o p u la t io n  would be d is a d v a n ta g e o u s .  Any members of th e  
p o p u la t io n  t h a t  do no t i n t e r b r e e d  w i l l  be a t  an  advan tage  because  
h y b r id s ,  a l th o u g h  no t n e c e s s a r i l y  i n f e r t i l e  o r  i n v i a b l e ,  w i l l  
be a d a p t iv e ly  i n f e r i o r .  They w i l l  be in  the  w o rs t  of b o th  w orlds 
and un ab le  to  compete s u c c e s s f u l l y  i n  e i t h e r .  I n  t h i s  s i t u a t i o n ,  
e t h o lo g ic a l  o r  e c o l o g ic a l  b a r r i e r s  to  i n t e r b r e e d i n g  w i l l  become 
a d a p t iv e ly  advan tageous and w i l l  r e s u l t  i n  i s o l a t i o n .
I t  sh o u ld  be borne in  mind however, t h a t  such mechanisms
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cannot b e g in  to  evo lve  as  a  d i r e c t  r e s u l t  of s e l e c t i o n ,  u n t i l  
g e n e t i c  i n c o m p a t i b i l i t y  i s  s u f f i c i e n t  to  r e n d e r  h y b r id s  s t e r i l e ,  
o r  i l l - a d a p t e d  v e h i c le s  of * gamete-wastage* -  in  o th e r  w ords, 
u n t i l  s p é c i a t i o n  has been com ple ted .
The most im p o rtan t  p a r t s  of t h i s  scheme a re  t h a t : -
a )  D ivergence  between th e  two p o p u la t io n s  must be c o n t r o l l e d  
by n a t u r a l  s e l e c t i o n  such  t h a t  n ic h e  d i v e r s i f i c a t i o n  has ta k e n  
p la c e .
b) The two p o p u la t io n s  must be so  s u f f i c i e n t l y  w e ll  a d a p te d  
to  t h e i r  own p a r t i c u l a r  env ironm ents  t h a t  h y b r id s  a r e  a d a p t iv e l y  
in f  e r i o r ,
c)  I n t e r b r e e d in g  can  ta k e  p la c e ,  a t  l e a s t  i n i t i a l l y ,  i f  th e  
h y b r id s '  a r e  a d a p t iv e ly  i n f e r i o r  ( o r  of c o u r s e ,  in v i a b le  o r  s t e r i l e ) .  
I n t e r b r e e d in g  does no t n e c e s s a r i l y  imply gene f low .
d) I s o l a t i n g  mechanisms, hav ing  a r i s e n  a t  th e  zone of c o n ta c t  
between th e  two p o p u la t io n s ,  w i l l  e v e n tu a l ly  sp re a d  th ro u g h o u t
the  whole p o p u la t io n  i f  i t  i s  e lsew here  a d a p t iv e l y  n e u t r a l .  I t  
may even do so i f  i t  i s  i n f e r i o r ,  i f  the  d is a d v a n ta g e s  of th e  
genes in v o lv e d  a r e  l e s s  th a n  the  d is a d v a n ta g e s  of ' f o r e ig n *  
a l l e l e s  b e in g  in c o rp o ra te d  from th e  o th e r  p o p u l a t i o n . ,
e )  F u r th e r  d iv e rg e n c e ,  a d a p ta t i o n  and s p é c i a t i o n  w i l l  fo l lo w  
u n t i l  th e  two p o p u la t io n s  a r e  g e n e t i c a l l y  in c o m p a t ib le ,  in  th e  
sen se  t h a t  th ey  a r e  i n t e r s t e r i l e .  P r i o r  t o  t h i s  s t a g e ,  a l th o u g h  
th e re  may be no gene exchange between the  p o p u la t io n s ,  gamete 
w astage  w i l l  o ccu r .
'Good' s p e c ie s ,  i s o l a t e d  by the  s t e p s  up to  and in v o lv in g  
c) can be fo u n d . The most famous example, quo ted  by Dobzhansky 
( 1940) ;  Mayr, (1942,1959b & 1963); Bigelow ( 1965) ;  Key ( 1968) and 
o th e r s ,  i s  t h a t  of the  two crows, Corvus corone ( th e  c a r r i o n  crow)
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and C. c o rn ix  ( t h e  hooded crow) (M eise ,  1928). The taxonomic 
s t a t u s  of th e s e  b i r d s  i s  open to  q u e s t io n ;  Mayr ( 1959b) c i t e s  th e  
two p o p u la t io n s  as  examples of i s o l a t e s  t h a t  have *not y e t  
a t t a i n e d  f u l l  s p e c ie s  r a n k . . . '  im ply ing  t h a t  th e y  a r e  s u b - s p e c ie s  
as  he su g g e s te d  in  I 963 . However, he a l s o  r e f e r s  to  th e  two 
p o p u la t io n s  as  s e p a r a t e  s p e c ie s  in  b o th  th e  1959b and I 963 p a p e r s .
They occur in  Europe, C. c o rn ix  in  th e  n o r th  and e a s t  and 
corone in  th e  s o u th  and w e s t .  There i s  a  h y b r id  b e l t  75 -  100 
km wide ru n n in g  from S c o t la n d  to  the  M e d i te r ra n e a n .  The e x a c t  
degree  of f e r t i l i t y  of th e  h y b r id s  i s  n o t  known b u t  f e r t i l e  b ack -  
c ro s s e s  tak e  p l a c e .  H ybrids showing ev e ry  c o n c e iv a b le  combin­
a t i o n  of th e  p a r e n t a l  c h a r a c t e r s  and a l l  d eg ree s  of in te rm e d ia c y  
occur w i th i n  the zo n e .  A lthough the  h y b r id  zone has been  in  
e x i s t e n c e  s in c e  th e  l a s t  European g l a c i a t i o n ,  t h e r e  i s  no ev idence  
to  su g g e s t  t h a t  i t  has broadened  or  t h a t  gene f low  has r e v e r s e d  
th e  d iv e rg e n c e  between th e  p o p u la t io n s .  " S e l e c t io n  seems to  
have v e ry  e f f e c t i v e l y  weeded out th o se  m ig ran t  genes t h a t  l e f t  
t h e i r  own w e l l - i n t e g r a t e d  harmonious gene c o n s t e l l a t i o n s  to  
t h r e a t e n  th e  w e l l - i n t e g r a t e d  (b u t  d i f f e r e n t )  harmony of th e  o t h e r . "  
Bigelow ( 1963) .
In  th is  exam ple, both p op u la tion s seem to  be good s p e c ie s ,  
and in terb reed in g  does not imply gene exchange between them.
I t  i s  perhaps an unfortunate example to  g iv e  of maintenance of 
i s o la t io n  d e s p ite  in terb reed in g , as no i s o la t in g  mechanisms can 
be c le a r ly  d e te c te d  a t a l l .  This leads to  the q u estio n  'can  pop­
u la t io n s  a t t a in  and m aintain s p e c ie s  rank (sep a ra te  gene p o o ls )  
through the op eration  of natural s e le c t io n  a lo n e ? ' .
This i s  ob v io u sly  u n lik e ly  in  most c a s e s ,  s p a t ia l  i s o la t io n
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of one p o p u la t io n  from the  o th e r  i s  u s u a l l y  n e c e s s a ry ,  b u t  the 
f i e l d  of i s o l a t i o n  has p ro b ab ly  a ro u se d  more c o n t ro v e r s y  th an  
any o th e r  a s p e c t  of s p é c ia t io n #  I t  seems p o s s i b l e  t h a t  th e  
o rthodox  view of p r e - s p e c i a t i o n  g e o g ra p h ic a l  i s o l a t i o n  may no t 
be c o r r e c t  in  a l l  c ases  of s p é c i a t i o n .
c )  G eograph ica l  i s o l a t i o n
The causes  of i n t r a - p o p u l a t i o n a l  d i v e r s i t y ,  th e  m a te r i a l  
op s p é c i a t i o n ,  have been  summarised, as  have the  o r ig i n s  of 
i s o l a t i n g  mechanisms whereby two p o p u la t io n s  can m a in ta in  t h e i r  
i n t e g r i t y  a f t e r  c o n t a c t .  I t  i s  now n e c e s s a ry  to  c o n s id e r  the 
c i rc u m s ta n c e s  d u r in g  which s p e c ie s  a r i s e .
Two m ajo r ,  and q u i t e  d i s t i n c t  ty p e s  of s p é c i a t i o n  have 
been p ro p o sed ,  a l l o p a t r i c  and sy m p a tr ic  s p é c i a t i o n .
A l l o p a t r i c  p o p u la t io n s  a r e  d e f in e d  by Mayr ( I 963) as  
" p o p u la t io n s  o r  s p e c ie s  occupying m u tu a lly  e x c lu s iv e  (b u t  u s u a l ly  
a d j a c e n t )  g e o g ra p h ic a l  a r e a s " .  Most s p e c ie s  a r e  a l l o p a t r i c  
i n  t h a t  th ey  occupy d i f f e r e n t  a r e a s .  One can  d i s a g r e e  w ith  
M ayr 's  view however, i n  t h a t  most s p e c ie s  a r e  n o t  a d ja c e n t#
Sympatry, d e fin ed  by Mayr (19&3), i s  the occurrence o f two 
or more p op u lation s in  the same area; more p r e c is e ly ,  the  
e x is te n c e  of a p op u la tion  w ith in  the c r u is in g  range of in d iv id u a ls  
of another p o p u la tio n .
A t e n t a t i v e  c l a s s i f i c a t i o n  of the  e lem en ts  of a l l o p a t r i c  
and s y m p a tr ic  s p é c i a t i o n  i s  g iv e n  on th e  n ex t  page (1 3 8 ) .
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I .  A l l o p a t r i c  s p é c i a t i o n
i )  i s o l a t i o n  by g e o g ra p h ic a l  b a r r i e r s  
I I .  Sym patric  s p é c i a t i o n
i i )  i s o l a t i o n  by e c o l o g ic a l  b a r r i e r s  ( in c l u d in g
" a l lo c h r o n ic "  s p é c i a t i o n )
i i i )  i s o l a t i o n  by n a t u r a l  s e l e c t i o n  ( " t e n s i o n  zones"
and d i s r u p t i v e  s e l e c t i o n )
"G eograph ica l  i s o l a t i o n  r e f e r s  t o  th e  d i v i s i o n  of a gene 
pool i n  two by s t r i c t l y  e x t r i n s i c  f a c t o r s " .  I t  " i s  a  p h y s ic a l  
s e p a r a t i o n  of a p o r t i o n  of the  s p e c ie s ,  p e r m i t t i n g  i t  t o  go i t s  
own way g e n e t i c a l l y . "  (Mayr, 1939). I t  i s  now g e n e r a l ly  
a c c e p te d  t h a t  g e o g ra p h ic a l  i s o l a t i o n  i s  p ro b a b ly  n e c e s s a ry  f o r  
a l l  s p é c i a t i o n  p ro c e s s e s  ex ce p t p o ly p lo id y .  " In  g e n e r a l ,  
geo g rap h ic  i s o l a t i o n  seems to  be a p r e r e q u i s i t e  f o r  th e  develop­
ment of g e n e t i c  i s o l a t i n g  mechanisms" (W hite 1939).
That g e o g ra p h ic a l  b a r r i e r s  a re  th e  m ajor i s o l a t i n g  f a c t o r s  
i n  s p é c i a t i o n  has been s t a t e d  by Lack (1943 & 1957); W hite ,
(1939  & 1968) ;  Connel and O r ia s  ( I 964) ;  McArthur (19&3) and 
by Mayr and Dobzhansky on many o c c a s io n s .
The g e o g ra p h ic a l  b a r r i e r s  t h a t  g iv e  r i s e  to  t h i s  i s o l a t i o n  
may be obvious b a r r i e r s  such as s t r e t c h e s  of s e a ,  d e s e r t s  and 
h ig h  m o u n ta in s .  Huxley (1942) g iv e s  ein example of such b a r r i e r s  
in  o p e r a t io n  where S a lv e l in u s  ( c h a r )  have become c o n f in e d  to  
v a r io u s  l a k e s ,  f i f t e e n  d i f f e r e n t  forms b e in g  d i s t i n g u i s h e d  in  
G rea t B r i t a i n  and N o rth e rn  I r e l a n d .  A l l  of th e s e  a r e  c l a s s i f i e d  
as  s u b - s p e c i e s ,  as  'once you b e g in  g iv in g  s p e c i f i c  names to  
l a c u s t r i n e  forms of c h a r ,  you n ever  know when to  s to p * .  I f  
a l l  the  c h a r  in  G.B. & N . I .  excep t a dozen were e x te rm in a te d ,  
each  of th e  dozen would be re c o g n is e d  as  a d i f f e r e n t  s p e c i e s .
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The s p é c i a t i o n  of Corvus corone and C. c o rn ix  o c c u rre d  w h i l s t  
the  two p o p u la t io n s  were s p a t i a l l y  s e p a r a t e d  by th e  g l a c i a t i o n  
of n o r th  w e s te rn  Europe, corone b e in g  c o n f in e d  to  S.W, Europe and 
c o rn ix  to  E u r a s i a ,
Many examples of is la n d  fauna s p é c ia t io n  during th e ir  i s o la t io n  
by s tr e tc h e s  of sea  are known. Most geograp h ica l b a rr ier s  are  
not of th is  m agnitude. In t h is  c o n te x t . White (1959) remarked 
th a t , "The very  lim ite d  power of d isp e r sa l of many s p e c ie s  of 
in s e c ts  and other in v er te b r a tes  has not been s u f f i c i e n t l y  taken  
in to  c o n s id era tio n " , and c i t e s  the N# American grasshopper, 
Melanoplus in  which the winged sp e c ie s  are few and m ostly occupy 
geographic areas of c o n tin e n ta l d im ensions, even i f  they  have 
rath er s p e c ia l is e d  e c o lo g ic a l  requ irem ents. The f l i g h t l e s s  
s p e c ie s ,  on the other hand, are fa r  more numerous and most of  
them are r e s t r ic t e d  to  very sm all a r e a s . The gen era l co n c lu s io n  
i s  obvious, th a t a d ista n ce  of a sh ort f l i g h t  by a grasshopper  
may rep resen t an insurm ountable b a rr ier  to  a craw ling  in s e c t .
" E c o lo g ic a l  i s o l a t i o n "  i s  a l s o  a form of g e o g ra p h ic a l  
b a r r i e r ,  b u t  i t  must be em phasised t h a t  th e  d i f f e r i n g  e c o l o g i c a l  
p r e f e r e n c e s  of two p o p u la t io n s  do n o t  come under th e  head in g  of 
g e o g ra p h ic a l  i s o l a t i o n .  E c o lo g ic a l  i s o l a t i o n  i s  m ere ly  m ic ro -  
g e o g ra p h ic a l  i s o l a t i o n  -  s i m i l a r l y ,  g e o g ra p h ic a l  i s o l a t i o n  i s  
m a c ro -e c o lo g ic a l  i s o l a t i o n .  An oak woodland i n s e c t  s p e c ie s  w i th  
d i s p e r s a l  mechanisms o p e ra t in g  over lOOOmetres w i l l  be geograph­
i c a l l y  i s o l a t e d  i f  i t s  woodlands a re  s e p a r a t e d  by a k i lo m e t re  
o r  so of p a s tu r e ;  w h i l s t  a w idesp read  t e r r e s t r i a l  s p e c ie s  such 
as  th e  r a b b i t  i n  Europe i s  e c o l o g i c a l ly  i s o l a t e d  from s i m i l a r
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h a b i t a t s  in  n o r th  America by a  s t r e t c h  of u n s u i t a b le  h a b i t a t  -  
th e  A t l a n t i c  Ocean.
When p o s t u l a t i n g  s u i t a b l e  g e o g ra p h ic a l  b a r r i e r s  i n  th e  
e v o lu t io n  of a  s p e c i e s ,  th e  power of d i s p e r s a l  i s  enorm ously 
im p o r ta n t .  D is p e r s a l  in v o lv e s  n o t  on ly  th e  obvious mechanics 
of movement, w ings, seed  d i s p e r s a l  mechanisms, & c., b u t  a l s o  
the  a b i l i t y  to  r e s i s t  u n fav o u rab le  env ironm ents  d u r in g  d i s p e r s a l#  
The i n s e c t  c i t e d  above may, d u r in g  c e r t a i n  w ea th e r  c o n d i t i o n s ,  
g e t  blown to  th e  n ex t oakwood and be s u f f i c i e n t l y  f i t  on a r r i v a l  
t o  s u r v iv e .  The r a b b i t ,  on th e  o th e r  hand, i s  u n l i k e l y  to  
s u rv iv e  th e  jo u rn ey  a c ro s s  th e  A t l a n t i c  w ith o u t  th e  i n t e r v e n t i o n  
of man.
G eograph ica l i s o l a t i o n  h a s ,  as  m entioned  above, been l a r g e ly  
a c c e p te d  from Wagner ( I 841) and Darwin (1872) onwards as th e  p rim e, 
i f  no t th e  only  cause  of i s o l a t i o n  e n a b l in g  s p é c i a t i o n .  There 
a r e  c a s e s  however, where s u i t a b l e  b a r r i e r s  a r e  d i f f i c u l t  t o  p o s t ­
u l a t e .  W idely r a n g in g  s p e c ie s  w i th  good d i s p e r s a l  and unspec­
i a l i s e d  re q u ire m e n ts  w i l l  on ly  be s p l i t  i n t o  i s o l a t e d  p o p u la t io n s  
by q u i t e  d r a s t i c  b a r r i e r s .  D e s e r t s ,  m ountains and o cean s ,  
a l th o u g h  r e p r e s e n t in g  fo rm id ab le  b a r r i e r s  to  s p e c ie s  such  as th e  
house sp a rro w , s t a r l i n g ,  r a t  and r a b b i t ,  do n o t  a r i s e  v e ry  
f r e q u e n t l y .  Much more d i f f i c u l t  to  u n d e rs ta n d  i s  th e  s p é c i a t i o n  
of such  organism s as th e  C e ta c e a ;  most a r e  sy m p a tr ic  and g lo b a l ly  
d i s t r i b u t e d  and y e t  a r e  d i s t i n c t  s p e c ie s  w i th  d i f f e r e n t  food  
req u irem en ts#  I t  i s  h a rd  to  p o s t u l a t e  a  g e o g ra p h ic a l  b a r r i e r  
t h a t  would have a l low ed  th e  a n c e s t r a l  s to c k  to  s p e c i a t e  i n  t h i s  
way. The same i s  t r u e  of many ocean ic  s p e c ie s  of f i s h ;  a l th o u g h  
they  may now have d i s t i n c t  food  p r e f e r e n c e s  and d i f f e r e n t  tim es 
and p la c e s  of b re e d in g ,  o rthodox views of s p é c i a t i o n  r e q u i r e  p r i o r
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g e o g ra p h ic a l  i s o l a t i o n .
A d if f e r e n t  a sp ect of the problem i s  the s p é c ia t io n  th a t  
occurs in  s t r i c t l y  lim ite d  environm ents. Dobzhansky ( 1 9 5 0  
quotes the example of D arw in's f in ch es  ( G e o sp iiz in a e ) on the  
Galapagos I s la n d s . That the is la n d  f in c h e s  should  d iverge from 
those on the mainland i s  perhaps in e v ita b le ,  but how fo u rteen  
d if f e r e n t  sp e c ie s  have a r ise n  in  such a lim ite d  area i s  p u z z lin g .  
Their power of d isp e r sa l must be good or they  would not have got 
to  the Galapagos in  the f i r s t  p la c e .
I t  i s  even more d i f f i c u l t  t o  en v isag e  p l a u s i b l e  g e o g ra p h ic a l  
b a r r i e r s  t o  acco u n t f o r  " s p e c ie s - f lo c k s *  in  l a k e s .  Dobzhansky(/9S'/) 
p o in te d  ou t t h a t  th e re  a r e  ^00  s p e c ie s  of gammarids in  Lake 
B a ik a l ,  and t h a t  t h i s  i s  more th a n  th e  t o t a l  number of s p e c ie s  
in  th e  r e s t  of the  w o r ld .  F ry e r  (1959) has i n v e s t i g a t e d  th e  
f i s h  fau n a  of Lake Nyasa and found over 180 s p e c ie s  of C ic h l id a e  
a lo n e ,  over 100 of which a r e  in  one genus . He p o in te d  out t h a t  
th e  la k e  i s ,  a t  l e a s t  a t  p r e s e n t ,  rem arkab ly  un ifo rm  in  i t s  
p h y s ic a l  c h a r a c t e r i s t i c s ,  " th e r e  a r e  few m ajor h a b i t a t s  i n  th e  
l a k e " .
Sym patric  s p é c i a t i o n ,  where a new s p e c ie s  a r i s e s  w i th in  
the  range  of th e  p a r e n t a l  s p e c i e s ,  has never  been w id e ly  a c c e p te d  
as has g e o g ra p h ic a l  s p é c i a t i o n .  For many y e a r s  the  th e o ry  
seemed t o t a l l y  u n a c c e p ta b le .  Mayr (1942) s a i d  of th e  th e o ry  
of s y m p a tr ic  s p é c i a t i o n ,  and no t w i th o u t  re a s o n ,  t h a t  i t  i s  
"one of th e  most c o n t r o v e r s i a l  s u b j e c t s  in  th e  f i e l d  of s p é c i a t i o n .  
U n fo r tu n a te ly  most of th e  d i s c u s s io n s  of t h i s  s u b j e c t  have been  
l a r g e l y  s p e c u la t i v e  and, i f  one a t te m p ts  to  g a th e r  w e l l - s u b s t a n t ­
i a t e d  d a t a ,  one i s  s u r p r i s e d  to  f i n d  how l i t t l e  c o n c re te  knowledge
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e x i s t s .  The d e p lo ra b le  c o n fu s io n  of term s ( i s )  n o t  based  e i t h e r  
on adequa te  d e f i n i t i o n s  or on an a n a l y s i s  of th e  co n cep ts  which 
they  a re  supposed to  s u p p o r t .  This  f i e l d  i s  in  such  u t t e r  c o n fu s io n  
( t h a t  as  the )exam ples  concern  i n s e c t s  o r  m arine i n v e r t e b r a t e s ,  and 
t h i s  makes a  t r e a tm e n t  of the  s u b je c t  even more d i f f i c u l t  to  an 
o r n i t h o l o g i s t . . . a  b e t t e r  b a la n c e d  t r e a tm e n t  w i l l  have to  be 
p o s tp o n e d . . . . "
I t  i s  d i f f i c u l t  to  g ive  a  'b a la n c e d  trea tm en t*  of sy m p a tr ic  
s p é c i a t i o n  as  th e r e  i s  s t i l l ' d e p l o r a b l e  confusion* of te rm s .  
G eo g rap h ica l  i s o l a t i o n ,  or a l l o p a t r i c  s p é c i a t i o n ,  i s  a s t r a i g h t ­
fo rw ard  c o n c e p t ,  co v e r in g  a s i n g l e  mechanism t h a t  v a r i e s  only  by 
d e g re e s .  Sym patric  s p é c i a t i o n ,  on th e  o th e r  hand, i s  u sed  to  
cover  e v e r th in g  e l s e ,  w hateve r i t  may b e ,  and in c lu d e s  a l l  of th o se  
c a se s  t h a t  w i l l  n o t  be f i t t e d  i n t o  th e  scheme of a l l o p a t r i c  spéc­
i a t i o n  -  w hether  o r  no t th e r e  i s  a n o th e r  re a s o n a b le  h y p o th e s is  
to  f i t  them.
The c l a s s i f i c a t i o n  s e t  out above ( p .  138) i s  t h e r e f o r e  n o t 
on ly  t e n t a t i v e ,  b u t  i t  i s  in c o m p le te .  A new concep t of s p é c i a t i o n  
d e s c r ib e d  as  sy m p a tr ic  a r i s e s  whenever a  p a r t i c u l a r  group of 
organism s i s  i n v e s t i g a t e d  and w i l l  no t f a l l  in to  a l l o p a t r i c  sp éc ­
i a t i o n .  Such concep ts  a re  d iv e r s e  and g e n e r a l i s a t i o n s  a r e  
d i f f i c u l t  to  draw.
E c o lo g ic a l  s p é c i a t i o n  i s  th e  s u g g e s t io n  t h a t ' b i o l o g i c a l * o r  
e c o l o g i c a l  r a c e s  of a s p e c ie s  can  c o e x i s t  g e o g ra p h ic a l ly  in  an 
a r e a  and g r a d u a l ly  d iv e rg e  g e n e t i c a l l y  u n t i l  th ey  c o n s t i t u t e  
s p e c ie s  (W hite ,  I 968) .  G eograph ica l r a c e s ,  each l i m i t e d  to  i t s  
own s l i g h t l y  d i f f e r e n c e  env ironm ent,  a r e  w e l l  known and f r e q u e n t ly  
r e p o r t e d ,  b u t  u n le s s  each r a c e  i s  c o n f in e d  to  i t s  own p a r t i c u l a r
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h a b i t a t ,  s e p a ra te d  from i t s  n e a r e s t  n e ig h b o u rin g  r a c e  i n  i t s  
h a b i t a t ,  th e re  can be no s e g r e g a t io n  of gene p o o ls .  I f  th e  
r a c e s  a re  s e p a ra te d  by more th a n  th e  c r u i s i n g  range of an  in d iv id ­
u a l ,  th e n  th ey  a r e  m ic ro g e o g ra p h ic a l ly  s e p a r a t e d .  There i s  no 
ev idence  to  show t h a t  i n t e r s p e c i f i c  gaps can  a r i s e  th ro u g h  h a b i t a t  
s p e c i a l i s a t i o n  w h ile  each  p o p u la t io n  i s  s t i l l  in  c o n ta c t  w ith  
a n o th e r ,  and th e re  i s  no known p ro c e ss  t h a t  would a l low  the  
development of such gaps (Mayr, 1942).
There i s  however, one a s p e c t  of e c o l o g i c a l  s e p a r a t i o n  th a t  
may a l lo w  s p é c i a t i o n .  G eograph ica l  i s o l a t i o n  i s  i s o l a t i o n  in  
th e  th r e e  s p a t i a l  dimensions, and i t  seems p o s s i b le  t h a t  i s o l a t i o n  
in  a f o u r th  d im ension , t im e ,  can  a l lo w  of s p é c i a t i o n .  " A llo c h ro n ic "  
s p é c i a t i o n  i s  the term  co in ed  by A lexander and Bigelow ( I 960) to  
r e f e r  to  t h i s  p ro c e s s ,  which th e y  p o s t u l a t e  in  th e  e v o lu t io n  of 
two s p e c ie s  of f i e l d  c r i c k e t s  ( Acheta p en n sy lv an icu s  and A. v e l e t i s ) . 
Most o f  the  ev idence  of d i s t r i b u t i o n  and eco logy  of th e s e  two 
s p e c ie s  su g g e s ts  t h a t  th e y  have n ever  been a l l o p a t r i c .  They 
occur in  N.E. N orth  America, in  c l im a te s  t h a t  a l lo w  s u c c e s s f u l  
o v e rw in te r in g  by eggs o r  l a t e  i n s t a r  nymphs. As th e r e  i s  a 
c o n s i s t e n t  development r a t e ,  and only a s h o r t  b re e d in g  se a so n ,  
th e  s p e c ie s  m ature and b re e d  a t  d i f f e r e n t  t im e s ,  p e n n sy lv an icu s  
in  S p r in g ,  and v e l e t i s  in  l a t e  Summer. A lexander and Bigelow 
( i 960) s u g g e s t  t h a t  the o r i g i n a l  p o p u la t io n  o v e rw in te re d  i n  a l l  
s t a g e s ,  w ith  mature a d u l t s  a p p e a r in g  and b re e d in g  th roughou t 
S p r in g  and Summer. Because of a  change in  c l im a te ,  o r  range  
e x te n s io n  i n t o  an a re a  of h a r s h e r  c l im a te ,  on ly  th e  two r e s i s t a n t  
s ta g e s  were a b le  to  o v e rw in te r ,  th u s  e f f e c t i v e l y  i s o l a t i n g  th e  
b re e d in g  p o p u la t io n s .  Ghent and W allace (1958) have s u g g e s te d  
s im i l a r  a l l o c h r o n ic  s p é c i a t i o n  in  s a w f l i e s ,  which can o v e rw in te r
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as eggs or pupae. Gabbutt (1959) found th a t a European ground 
c r ic k e t ,  Nemobius s y Iv e s t r i s , has a two year l i f e  c y c le ,  each in d iv ­
id u a l overw in tering as an egg the f i r s t  year and as a nymph the  
n e x t. The only p o s s i b i l i t y  of gene exchange between pop u lation s  
mating in  d if f e r e n t  years i s  by s tr a g g le r s  and th ese  are not 
known to occur.
Alexander and Bigelow  ( I 960 ) summarise the co n d itio n s  needed 
to  a llow  a llo c h r o n ic  s p é c ia t io n  a s : -
i )  a c o n s i s t e n t  developm enta l r a t e  p ro d u c in g  few er th a n  
two g e n e ra t io n s  p e r  y e a r ,
i i )  a narrow b re e d in g  seaso n  or  s h o r t  a d u l t  l i f e ,
i i i )  a d u a l i t y  in  w in te r  h a r d in e s s ,  w i th  two s t a g e s  in v o lv e d ,  
w id e ly  s e p a ra te d  on th e  l i f e  h i s t o r y  c y c l e .
I n  f a c t  the  th iT d  c o n d i t io n  need no t in v o lv e  w in te r  h a rd in e s s  
bu t any 's i e v e *  t h a t  a l lo w s  th rough  only  in d i v id u a l s  t h a t  a r e  in  
p h ase ,  th e  phased  p o p u la t io n s  b e in g  s e p a r a t e d  by a p e r io d  of 
time g r e a t e r  th a n  the  b re e d in g  s ea so n .
I s o l a t i o n  by g e n e t i c  b a r r i e r s  can only  occur  i f  a s i n g l e  
g e n e t i c  change produces  r e p ro d u c t iv e  i s o l a t i o n .  P o ly p lo id y  i s  
the  obvious c a s e ,  b u t  t h i s  i s  u n l i k e ly  to  be of im portance in  
s e x u a l ly  re p ro d u c in g  an im als  because of th e  d i s r u p t i o n  of th e  
s e x -d e te rm in in g  mechanism, and has not been  unequ ivocab ly  
d e m o n s t ra te d .  Cases of p o ly p lo id y  in  an im als  a re  u s u a l l y  
wrongly  a n a ly se d  c a se s  of m e ta c e n t r ic  chromosome f i s s i o n  to  
g ive  l a r g e  numbers of a c r o c e n t r i c  chromosomes (W hite , 1957).
O ther  g e n e t i c  b a r r i e r s  have been p o s t u l a t e d .  W hite ,
B la c k i th ,  B la c k i th  and Cheney (19&7) proposed  t h a t  th e  te rm
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* s t a s i p a t r i c *  s p é c i a t i o n  be used  to  d e s c r ib e  i s o l a t i o n  in  
s p e c ie s  of g ra ssh o p p e rs  by changes in  chromosome number. E s s e n t­
i a l l y ,  th e  p ro c e ss  i s  seen  as an  expans ion  of the  new chromosome 
type  from i t s  p o in t  of o r i g i n  i n t o  th e  o ld  p o p u la t io n .  H ybrids 
o f  o ld  and new numbers a re  l e s s  v i a b l e  or a r e  s t e r i l e ,  and zones 
t h a t  th u s  a r i s e  between th e  p o p u la t io n s  a c t  l i k e  sem i-perm eable  
membranes (Key, I 968 ) ,  a l lo w in g  some of th e  f u r t h e r  g e n e t i c  or 
chromosomal rea rran g em en ts  t o  p a s s ,  b u t  h o ld in g  back  o t h e r s .
Thus the  new chromosomal type  p o p u la t io n  i s  ab le  to  a c q u i r e  
a d a p ta t io n s  w ith o u t  swamping, as  most of th e  p a r e n t a l  genes 
canno t p a s s  th e  h y b r id  b a r r i e r .
"Two c o n c lu s io n s  seem to  fo l lo w  from th e  f a c t s .  The f i r s t  
i s  t h a t  some ty p es  of chromosomal rea rran g e m en ts  f u n c t io n  as  
f a i r l y  s t r o n g ,  p rim ary  g e n e t i c  i s o l a t i n g  mechanisms between 
i n c i p i e n t  s p e c ie s  of morabine g ra s s h o p p e r s .  The narrow ness of 
th e  zones of o v e r la p  i s  ev idence  of s t r o n g  s e l e c t i o n  a g a i n s t  
fu s e d  chromosomes in  'u n fu s e d  t e r r i t o r y '  and v ic e  v e r s a , . . . "
White ( 1968) .
Key ( 1968) does no t ag ree  w ith  W h i te 's  i n t e r p r e t a t i o n  of th e  
s i t u a t i o n .  He p roposed  t h a t  the  zones of h y b r i d i s a t i o n ,  the  
sem i-perm eab le  membranes, a r e  zones of secondary  i n t e r g r a d a t i o n ,  
and t h a t  th e  r a c e s  of d i f f e r i n g  chromosomal numbers have formed 
a l l o p a t r i c a l l y ,  r e c o n t a c t  b e in g  s eco n d a ry .
Lewis ( 1969) r e fe r r e d  to  'S p é c ia t io n  by chromosomal reorg­
a n is a t io n  w ith  or w ithout a change in  b a s ic  chromosome number' 
as being  p reva len t in  the p lan t genus C la rk ia . However, u n less  
large  numbers of id e n t ic a l  or chromosomal changes occur w ith in  the  
same p op u la tion  a t the same tim e, a l l  m utations and recom binations 
i s  s e x u a lly  reproducing anim als must pass through a c e r ta in
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amount of h e t e r o z y g o s i ty  b e fo re  b e in g  f i x e d .  I f  a new chromo­
some arrangem ent becomes h e te ro z y g o te ,  i t  i s  no lo n g e r  e n s u r in g  
g e n e t i c  i s o l a t i o n  and under th e s e  c i rc u m s tan c es  s p é c i a t i o n  i s  
im p o ss ib le  (W hite ,  1957).
A t h i r d  type  of s p é c i a t i o n  was p roposed  by Huxley (1939) 
which may lo o s e ly  be d e s c r ib e d  as " s p é c i a t i o n  by n a t u r a l  s e l e c t i o n ' .  
Where two l a r g e ,  r e l a t i v e l y  un ifo rm , a r e a s ,  occupied  by a s in g le  
s p e c i e s ,  a re  d iv id e d  by a r e g io n  of r e l a t i v e l y  r a p id  o r  un favou rab le  
env iro n m en ta l  change, two main gene ty p es  w i l l  a r i s e .  Both w i l l  
be w e l l  ad ap ted  to  t h e i r  p a r t i c u l a r  en v iro n m en ts .  While the 
p o p u la t io n  i s  c o n t in u o u s ,  th e s e  two gene types  w i l l  i n t e r b r e e d .
The h y b r id s  between them a r e  e x -h y p o th e s i s  l e s s  w e l l  a d a p te d  
and w i l l  be removed by n a t u r a l  s e l e c t i o n ,  th e  two gene types  
rem a in in g  s e p a r a t e .  Huxley (1939) p roposed  t h a t  th e  ' t e n s io n *  
in  such  a  h y b r id  zone would le a d  to  th e  s p é c i a t i o n  of th e  two 
h a lv e s ,  b u t  Mayr (1942) o b j e c t e d : -
i )  t h a t  con t in u o u s  gene flow in  th e  zone w i l l  p re v e n t  
harmonious gene system s d e v e lo p in g  on e i t h e r  s id e  to  such a  degree  
t h a t  t h e r e  i s  h y b r id  i n v i a b i l i t y ,  or
i i )  t h a t  a t h i r d  b a lan ced  gene system  w i l l  develop  in  th e  
zone, g u a ra n te e in g  unimpeded gene f lo w . On c lo s e  exam in a t io n ,  
M ayr 's  o b je c t io n s  would seem to  c a n c e l  each  o th e r  o u t .
More r e c e n t l y ,  Thoday and Boam (1959 & I 961 ) and M i l l i c e n t  
and Thoday ( 1961) have shown t h a t  two p o p u la t io n s  of d i f f e r i n g  
geno types  can  be m a in ta in e d  by s e l e c t io n #  C u l tu re s  of D ro so p h i la  
m e lan o g as te r  were s e t  up w ith  v a r io u s  m ating  sy s tem s , some of 
which a l lo w ed  50^  of th e  genes in  one g e n e r a t io n  to  be d e r iv e d  
from th e  o th e r  p o p u la t io n .  This  i s  tw ice  the  gene f low  t h a t  would 
be in v o lv e d  in  random m ating  and o b v io u s ly  more th a n  t h a t  invo lved
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i f  a c e r ta in  amount of s e le c t iv e  in tra -p o p u la tio n  mating were 
to  take p la c e . In d iv id u a ls  were s e le c te d  on the b a s is  of s te r n o -  
p le u r a l chaetae number, those w ith  high and low numbers were used  
as breed ing s to ck  fo r  the next g en era tion  (a llo w in g  a g iven  
q u a n tity  of gene flow ) w h ils t  th ose  w ith  median numbers were 
d isca rd ed .
T h e i r  co n c lu s io n s  were t h a t  no m ating  system  up to  50^ 
gene f low  co u ld  p re v e n t  d iv e rg e n ce  and t h a t  " i s o l a t i o n  i s  no t 
a p r e r e q u i s i t e  of d iv e rg e n ce  under d iv e rg e n t  s e l e c t i o n  p r e s s u r e s * .
These experim ents d id  not show the in i t i a t io n  of i s o la t in g  
mechanisms but they were on ly  continued  fo r  a r e la t iv e ly  sh ort  
time (10  g en era tion s in  the ca se  of the random mating sy ste m ). 
However, chromosomal d if fe r e n c e s  between the two p op u lation s  
did  a r is e  and under th ese  circum stances i t  seems l ik e ly  th at 
s e le c t io n  p ressure could  produce i s o la t in g  mechanisms in  w ild  
p o p u la tio n s .
F ry e r  (1959) has p roposed  t h a t  th e  s p e c ie s  of c i c h l i d  f i s h e s  
in  Lake Nyasa have a r i s e n  in  l a rg e  numbers because  of d i s r u p t i v e  
s e l e c t i o n  by p r e d a t o r s .  There a re  few d i f f e r e n t  ty p es  of 
h a b i t a t  a round  th e  sh o re s  of L. Nyasa and each  i s  rep ro d u ced  
many t im e s ,  s e p a r a t e d  from s i m i l a r  h a b i t a t s  by s t r e t c h e s  of 
d i f f e r e n t  h a b i t a t s .  " I t  has been em phasised how, in  the  l i t t o r a l  
zone, a  g iv e n  s p e c ie s  of f i s h  u s u a l l y  i s  r i g o r o u s ly  r e s t r i c t e d  
to  a g iv e n  h a b i t a t .  Now, i f  f o r  any r e a s o n ,  a f i s h  from say  a 
rocky  sh o re  sh o u ld  a t te m p t  t o  c ro s s  a s t r i p  of sand  o r  v ic e  v e r s a  
i t  would, as  th e  r e s u l t  of i t s  c o l o u r a t io n  and i l l - a d a p t e d  
escape r e a c t i o n  in  t h a t  h a b i t a t ,  be p a r t i c u l a r l y  easy  p rey  f o r  
a p r e d a to r y  f i s h " .  F ry e r  en v isa g e s  an o r i g i n a l  sandy shore
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p o p u la t io n ,  i n h a b i t i n g  d is c o n t in u o u s  h a b i t a t s  ( a l th o u g h  w i th in  
the  c r u i s i n g  range  of the  n ex t  p a tc h )  b e in g  i s o l a t e d  by th e  extrem e 
p re s s u re  of p r e d a t io n .  E v o lu t io n  and s p é c i a t i o n  th u s  c o n t in u e s  
a long  independen t l i n e s  on each  p ie c e  of sandy s h o re .
To summarise, g e o g ra p h ic a l  i s o l a t i o n  of some deg ree  i s  th e  
a c c e p te d ,  and p ro b ab ly  u s u a l ,  method of s p é c i a t i o n .  P o ly p lo id y ,  
a t  l e a s t  in  p l a n t s ,  i s  the only o th e r  e s t a b l i s h e d  mode of 
s p é c i a t i o n ,  b u t  i t  i s  a t  l e q s t  p o s s i b l e  t h a t  a l l o c h r o n i c  s p é c i a t i o n  
can occur in  c e r t a i n  types  of a n im a ls .  D i s r u p t iv e  n a t u r a l  
s e l e c t i o n  may p la y  an u n su sp e c te d ly  l a rg e  p a r t  in  th e  s p é c i a t i o n  
of many o th e r  ty p e s .
d) R a tes  of s p é c i a t i o n
E s t im a te s  of th e  r a t e  of s p é c i a t i o n ,  t h a t  i s ,  th e  time 
n e c e ss a ry  f o r  a p o p u la t io n  to  a c q u i re  s p e c i f i c  d i f f e r e n c e s  a f t e r  
i n i t i a l  i s o l a t i o n ,  can only  be a r r i v e d  a t  c i r c u m s t a n t i a l l y ,  
" S p é c ia t io n  i s  a p ro c e s s  which p ro b ab ly  always ta k e s  more th a n  
a hundred  thousand y e a r s ,  and may u s u a l l y  ta k e  more th a n  a m i l l i o n  
y e a r s .  The p ro cess  as  a whole i s  hence no t open to  i n v e s t i g a t i o n  
by e x p e r im e n ta l  methods" (W hite , 1959).
The time n e c e ss a ry  f o r  s p é c i a t i o n  w i l l  depend upon the 
degree  of d i f f e r e n c e  needed between two p o p u la t io n s  to  g ive  
s p e c i f i c  d i s t i n c t i o n  and th e  r a t e  of change in  th o se  p o p u la t io n s .  
R a tes  of p o p u la t io n a l  change a re  them selves  a  f u n c t io n  of the  r a t e  
of g e n e t i c  change (m u ta tio n s  and reco m b in a t io n s  of genes and 
chromosomes) and th e  e f f e c t s  of n a t u r a l  s e l e c t i o n  upon th e se  
ch an g e s•
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The taxonomic c h a r a c te r s  used to  d i s t i n g u i s h  ‘ good* c l o s e l y  
r e l a t e d  s p e c ie s  may depend on as few as  20 gene s u b s t i t u t i o n s ,  
b u t  nonm de tec tab le  s u b s t i t u t i o n s  w i l l  a l s o  have ta k en  p la c e  
(H aldane ,  1957). Haldane b e l i e v e s  t h a t  "good* v e r t e b r a t e  
s p e c i e s ,  even when c l o s e l y  r e l a t e d ,  may d i f f e r  a t  s e v e r a l  
thousand  l o c i ,  out of a t o t a l  p e r  s p e c ie s  of abou t 40 , 000 . 
S p é c i a t i o n  r a t é s  w i l l  n o t  be a f f e c t e d  i f  some of th e  genes c o n t ro l  
on ly  s l i g h t  d i f f e r e n c e s .
The r a t e  of m u ta tio n  of any one gene seems to  be between
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once in  10 to  once in  10 z y g o të s  (Dobzhansky, 1951; H aldane ,
19573 Mayr, 19&5). However, most m u ta t io n  r a t e s  have been  
e s t im a te d  u s in g  l e t h a l  or " d ra s t ic *  g en es ,  and Mayr ( 1963) susp ­
e c t s  t h a t  m ild  g en es ,  which p ro b ab ly  c o n t r i b u t e  most to  g e n e t i c  
v a r i a t i o n ,  have f r e q u e n c ie s  th r e e  or fo u r  tim es as  h ig h .  White 
( 1945) su g g e s te d  th a t  th e  m u ta t io n  r a t e  in  any group would be 
a f f e c t e d  by the  le n g th  of the  X-chromosome. The assum ption  i s  
t h a t  th e  l a r g e r  X-chromosomes c a r r y  more g e n e s ,  which a r e  s e x -  
l in k e d ?  th a n  do s m a l le r  X-chromosomes; and th e s e  s e x - l i n k e d  genes 
a re  as exposed to  n a t u r a l  s e l e c t i o n  as  a r e  dominants or homozygous 
r é c e s s i v e s .  They w i l l  th u s  be e l im in a te d  q u ic k ly ,  i f  d e l e t e r i o u s ,  
and n a t u r a l  s e l e c t i o n  w i l l  te n d  to  s e l e c t  a g a i n s t  m u ta t io n s  t h a t  
in c r e a s e  th e  g e n e ra l  m u ta t io n  r a t e .
R a te s  of chromosome m u ta t io n  and reco m b in a t io n  a r e  d i f f i c u l t  
to  e s t im a te  because  the  E f f e c t s  p roduced  a r e  u s u a l l y  p h e n o ty p ic -  
a l l y  the  same as g e n e t i c  e f f e c t s ,  and th e  r a t e s  g iv e n  above may 
in c lu d e  chromosome changes as w e l l  as  gene m u ta t io n s .
Haldane (1954) e s t im a te d  r a t e s  of n a t u r a l  s e l e c t i o n  in  w ild  
p o p u la t io n s  os b e in g  between z e ro  and 12^. This  e s t im a te  i s  the
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d i f f e r e n t i a l  m o r t a l i t y  between th e  ' b e s t '  phenotype ( i . e .  the  
one w ith  the  low es t m o r t a l i t y )  and th e  average  m o r t a l i t y  of the  
p o p u la t io n .  I n te n s e  s e l e c t i o n  of means t h a t  \'̂ o  more i n d i v id ­
u a l s  of th e  optimum phenotype s u rv iv e  th an  the  av e ra g e  of th e  
p o p u la t io n .  What e f f e c t  th e  i n t e n s i t y  of n a t u r a l  s e l e c t i o n  has 
on s p é c i a t i o n  r a t e s  i s  d i f f i c u l t  to  gauge, b u t  Haldane (1957) 
b e l i e v e s  t h a t  th e  c o s t  of gene s u b s t i t u t i o n  by n a t u r a l  s e l e c t i o n  
i s  u s u a l l y  much th e  same u n le s s  s e l e c t i o n  i s  v e ry  i n t e n s e .
The m a te r i a l s  of e v o lu t io n ,  t h a t  i s  g e n e t i c  change ,and  
n a t u r a l  s e l e c t i o n  i n t e r a c t  to  produce r a t e s  of g e n e t i c  change w i th in  
p o p u la t i o n s .  "The p r i n c i p a l  u n i t  p ro c e s s  in  e v o lu t io n  i s  the  
s u b s t i t u t i o n  of one gene f o r  a n o th e r  a t  th e  same lo c u s .  The sub­
s t i t u t i o n  of a new gene o rd e r ,  a d u p l i c a t i o n ,  a d e f i c i e n c y ,  
and so on, i s  a  fo rm a l ly  s i m i l a r  p ro c e s s "  (H aldane , 1957).
N a tu ra l  s e l e c t i o n  a c t in g  on geno types  w i l l  e v e n tu a l ly  r e s u l t  in  
changes in  gene freq u en cy ,  and i t  i s  t h i s  p ro c e s s  t h a t  produces 
s p e c i f i c  d i f f e r e n c e s  a c c o rd in g  to  H aldane . He c a l c u l a t e d  t h a t  
" th e  s u b s t i t u t i o n  of one a l l e l e  by a n o t h e r . . . . . u s u a l l y  in v o lv e s  
a number of d ea th s  eq u a l  to  about 10 or 20 tim es the  num beriin  
a g e n e r a t i o n . . . .and  perhaps  r a r e l y  b e in g  100 tim es t h i s  number".
In  e v o lu t io n a r y  te rm s ,  t h i s  means t h a t  th e  mean r a t e  of gene 
s u b s t i t u t i o n  w i l l  be one p e r  300 g e n e r a t i o n s .  I t  may be much 
lo n g e r  i f  a l l e l e  a^ i s  r e p la c e d  by a l l e l e  a^ ^ ,  th e  p o p u la t io n  
p a s s in g  th ro u g h  s t a g e s  of f i x a t i o n  of a 2 » &c.
H aldane (1957) doubts  t h a t  t h i s  r a t h e r  slow r a t e  of gene
s u b s t i t u t i o n  can be speeded  up by s e l e c t i n g  s e v e r a l  genes a t
once. W ith novel genes o c c u r r in g  a t  a f req u en cy  of 10 ^  ( th e
1 2av erag e  m u ta t io n  r a t e )  on ly  one i n d i v id u a l  in  10 w i l l  p o s se s s
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t h r e e  g iv en  m u ta t io n s  a t  once, and the  c o s t  of s e l e c t i n g  i t s  
d e scen d e n ts  would be th e  same as t h a t  of s e l e c t i o n  f o r  th e  th r e e  
m u ta t io n s  in  s e r i e s .
E v o lu t io n  may be f u r t h e r  slowed by th e  n e c e s s i t y  of s u b s t ­
i t u t i n g  genes in  s e r i e s .
E s t im a te s  f o r  a c t u a l  s p é c i a t i o n  v e ry  somewhat, Haldane 
u s in g  th e  c a l c u l a t i o n s  o u t l i n e d  above, and a s p e c i f i c  d i f f e r e n c e  
of 1000 l o c i ,  su g g e s te d  t h a t  a t  l e a s t  300,000  g e n e ra t io n s  a re  
needed f o r  s p e c i f i c  d i f f e r e n c e s  to  emerge. O ther e s t im a te s  a r e  
u s u a l ly  g iv e n  in  terms of y e a r s  and thgrmay, of c o u rs e ,  r e p r e s e n t  
v e ry  d i f f e r e n t  numbers of g e n e ra t io n s  depending  on the  o rgan ism .
Mayr ( 1963) p o in te d  out t h a t  th e  r a t e  of s p é c i a t i o n  may 
v a ry  c o n s id e ra b ly ;  some i s o l a t e d  m arine faunas  have no t g e n e ra te d  
s p e c i f i c  d i f f e r e n c e s  in  more th a n  3 ,0 0 0 ,0 0 0  y e a r s ,  w h i l s t  some 
lake  * s p e c ie s  f l o c k s '  of f i s h  have a r i s e n  in  100,000 y e a r s .
T his  l a s t  f i g u r e  a g re e s  w ith  t h a t  of White (1 9 5 9 ) ,  w h i l s t  Zeuner 
( 1945) u s in g  d a ta  from the  P l e i s t o c e n e  f o s s i l  r e c o r d ,  concluded  
t h a t  in  mammals, abou t 500,000  y e a r s  were r e q u i r e d  f o r  th e  
e v o lu t io n  of a new s p e c i e s ,  B e irn e  (1947 ) ,  q uo ted  by Simpson 
( 1953) ,  a l s o  w orking  on P le i s t o c e n e  and p o s t - P l e i s t o c e n e  d a t a ,  
found t h a t  57^ of modern B r i t i s h  la n d  mammals have evo lved  s p e c i f i c  
d i f f e r e n c e s  s in c e  th e  end of the  l a s t  i n t e r g l a c i a l .  This  was 
e s t im a te d  by Zeuner (1945) as  80 ,000  y e a r s  BP ( b e f o r e  p r e s e n t ) ,  
b u t  modern a u th o rs  have d i s p u te d  t h i s  f i g u r e ,  and Cornwall (1970) 
d a te s  the  end of th e  l a s t  i n t e r g l a c i a l  ( th e  b e g in n in g  of th e  Würm 
g l a c i a t i o n )  a t  115,000 y e a rs  BP. B e irn e  (1947) found t h a t  no 
s p e c i f i c  d i f f e r e n c e s  had evo lved  s in c e  the  Würm g l a c i a t i o n .  E x te n s io n s  
2 - 3  ( 72 ,000  BP to  p r e s e n t  -  C ornw all ,  1970).
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S u b - s p e c i f i c  d i f f e r e n c e s  a re  no t as  m e an in g fu l ,  as  the  
a c t u a l  degree  of d i f f e r e n c e  in v o lv e d  can  v a ry  c o n s id e ra b ly ;  b u t  
Mayr (1942) gave a  f ig u r e  of 5 ,0 0 0  to  15,000 y e a r s  f o r  th e  e v o l ­
u t i o n  of such d i f f e r e n c e s  s in c e  the  Ice  Age. Simpson (1953) 
drew a t t e n t i o n  to  the  s e a l ,  Phoca v i t u l i n a , one form of which 
has been i s o l a t e d  in  a Canadian lake  f o r  3 ,0 0 0  -  8 ,000  y e a rs  
and i s  now acco rded  s u b - s p e c i f i c  ra n k .  O bviously  a c t u a l  r a t e s  
of s p é c i a t i o n  v a r y .  The b ra c h io p o d ,  L in g u la , has remained 
ta x o n o m ica l ly  unchanged f o r  400 m i l l i o n  y e a r s ,  w h i l s t  the  mouse, 
Apodemus s y l v a t i c u s , has reac h ed  s u b - s p e c i f i c  s t a t u s  in  the  
1,000 y e a r s  of i t s  i s o l a t i o n  on I c e l a n d  (Simpson, 1953)»
Most a u th o rs  a r e  a g re e d ,  however, t h a t  s p é c i a t i o n  in  v e r t e ­
b r a t e s  n ev e r  ta k es  l e s s  th an  100,000 y e a r s .  Upper l i m i t s ,  as  
can be seen  from the  c a se  of L in g u la , a r e  r a t h e r  m e an in g le ss ,  
a l th o u g h  Zeuner (1945) gave an a b s o lu t e  maximum of 500 ,000  y e a rs  
f o r  s p e c ie s  s te p s  in  mammals.
The r a t e  of e v o lu t io n  w i l l  depend on th e  env ironm en t,  i t s  
h e t e r o g e n e i t y ,  and i t s  absence  of p r e d a to r s  a n ^ /o r  c o m p e t i to r s  
of the i n c i p i e n t  s p e c ie s ;  and th e  g e n e t ic  make up of th e  i s o l a t e .  
Marine s p e c ie s  w ith  la rg e  gene poo ls  w i l l  u s u a l l y  evo lve  and 
th e r e f o r e  s p e c i a t e ,  s lo w ly ;  w h i l s t  t e r r e s t r i a l  organism s w ith  
s h o r t  g e n e r a t io n  tim es and sm all  p o p u la t io n s  w i l l  s p e c i a t e  
r e l a t i v e l y  q u ic k ly .
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5 Lampreys and o rthodox  s p é c i a t i o n  th e o r i e s
The orthodox and most u s u a l  p ro c e s s  of s p é c i a t i o n  may be 
summarised as f o l l o w s : -
1) An o r i g i n a l l y  co n t in u o u s  p o p u la t io n  w i th  in h e re n t  g e n e t i c  and 
chromosomal v a r i a b i l i t y ,  becomes d iv id e d  by some g e o g ra p h ic a l  
b a r r i e r ,
2) Each p a r t  of the  p o p u la t io n  w i l l  evo lve  in d e p e n d e n tly  as a
r e s u l t  of i )  i n i t i a l  d i f f e r e n c e s  in  gene f requency
i i )  m u ta t io n s  and reco m b in a t io n s  b e in g  asynchronous 
in  each  p o p u la t io n
i i i )  a d a p t a t i o n  to  somewhat d i f f e r e n t  en v iro n m en ts .
3) I f  th e  p o p u la t io n s  rem ain s p a t i a l l y  i s o l a t e d  th e y  may g a in  
g e n e t i c  i s o l a t i o n  p u re ly  th rough  d iv e rg e n c e  d u r in g  i s o l a t i o n .
4) I f  the  p o p u la t io n s  r e g a in  c o n ta c t  and d iv e rg e n ce  d u r in g  
i s o l a t i o n  has been s u f f i c i e n t ,  i s o l a t i n g  mechanisms w i l l  a r i s e  
o r  e x i s t i n g  ones s t r e n g th e n e d ,  and th e  p o p u la t io n s  w i l l  become 
‘good* s p e c i e s .
5 )  I f  s u f f i c i e n t  n ich e  d i v e r s i f i c a t i o n  has ta k e n  p l a c e ,  they  
w i l l  c o n t in u e  to  c o e x i s t .
6) The p ro c e s s  of g e n e t ic  change , s u f f i c i e n t  to  g e n e ra te  s p e c ie s  
d i f f e r e n c e s  w i l l  p ro b ab ly  take  between 100,000 and 300 ,000  
g e n e r a t i o n s .
Given t h i s  framework and th e  im p lie d  c o n s t r a i n t s ,  i t  i s  now 
n e c e ss a ry  to  examine th e  taxonomic s t a t u s  of L. f l u v i a t i l i s  and 
L. p l a n e r i .
They a r e  c l a s s i f i e d  as d i f f e r e n t  s p e c ie s  b u t  the  s p é c i a t i o n  
of p l a n e r i  from f l u v i a t i l i s  cannot be r e c o n c i l e d  w i th  o rthodox  
view of s p é c i a t i o n .
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The major f e a t u r e s  in  s p é c i a t i o n  a r e  i n t r a p o p u l a t i o n a l  
g e n o ty p ic  v a r i a t i o n ,  th e  o r ig i n  and f i x a t i o n  of i s o l a t i n g  mechan­
isms and i s o l a t i o n .
I t  must be assumed t h a t  f l u v i a t i l i s  has some degree  of 
g e n e t i c  v a r i a t i o n .  I n d iv i d u a l s  d i f f e r  in  s i z e  and c o lo u r ­
a t i o n ,  b u t  much of t h i s  v a r i a t i o n  may be th e  r e s u l t  of e n v i ro n ­
m enta l e f f e c t s .  However, no n a t u r a l  p o p u la t io n  has been  found 
t h a t  does n o t  show i n t r i n s i c  v a r i a t i o n  and th e  mechanisms of 
m e io s is  and m u ta tio n  make i t  u n l i k e ly  t h a t  such a  p o p u la t io n  
cou ld  e x i s t .
I t  i s  p o s s i b l e  t h a t  the r a t e s  of change due to  s t r u c t u r a l  
chromosomal a l t e r a t i o n s ,  t r a n s l o c a t i o n s ,  s u b s t i t u t i o n s ,  d e l e t i o n s ,  
& c., may be f a i r l y  h igh  in  lampreys because  of an u n u s u a l ly  h ig h  
chromosome number. F ig u re s  f o r  each s p e c ie s  v a ry ,  b u t  most 
s p e c ie s  have chromosome complements w i th in  the  range  120 to  170 
(Chubareva , 1957; Lanzing , 1959; Nogusa, I 96O; Zanandrea 
and Capanna, 19&4; S asak i  and H ito tsu m a c h i ,  19&7; Howell and 
Denton, I 968 and P o t t e r  and R o th w e ll ,  1970).
I f  such chromosome changes do in c re a s e  th e  i n t r i n s i c  
p o p u la t io n  v a r i a t i o n ,  i t  i s  p o s s i b le  t h a t  t h i s  i s  c o u n te r a c te d  
by s e l e c t i o n  a g a i n s t  genes in c r e a s in g  th e  g e n e ra l  m u ta t io n  r a t e ,  
as  the  lo a d  of v a r i a t i o n  w i th in  th e  p o p u la t io n  would te n d  to  make 
too  many in d i v id u a l s  i l l  a d a p te d .
I t  has been s u g g e s te d  t h a t  h igh  chromosome numbers a r e  th e  
r e s u l t  of p o ly p lo id y ,  b u t  a l th o u g h  no sex  chromosomes have 
been i d e n t i f i e d  in  lam preys , i t  i s  p ro b a b le  t h a t  p o ly p lo id y  would 
d r a s t i c a l l y  i n t e r f e r e  w i th  th e  sex  d e te rm in a t io n  mechanism. As
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lamprey chromosomes a r e  p ro b ab ly  a l l  a c r o c e n t r i c  the  h ig h  numbers 
a re  p ro b ab ly  th e  r e s u l t  of m e ta c e n t r ic  f i s s i o n  and o c c a s io n a l  
chromosome d u p l i c a t i o n .
Assuming th a t  the  b a s ic  v a r i a t i o n  n e c e ss a ry  f o r  e v o l u t io n  
and s p é c i a t i o n  i s  p r e s e n t  i n  lamprey p o p u la t io n s ,  what i s o l a t i n g  
mechanisms have a r i s e n  between f l u v i a t i l i s  and p l a n e r i ? Both 
lampreys a r e  sy m p a tr ic  d u r in g  t h e i r  ammocoete l i f e ,  b u t  a l th o u g h  
t h i s  may r a i s e  q u e s t io n s  i n  r e l a t i o n  to  C a u se 's  p r i n c i p l e  and 
c o m p e t i t io n  i t  i s  no t r e l e v a n t  from th e  p o in t  of view  of i s o l a t i n g  
mechanisms. Only t h a t  tim e d u r in g  which b o th  p l a n e r i  and 
f l u v i a t i l i s  a re  in  b re e d in g  c o n d i t io n  i s  im p o r ta n t .
Of th e  p o s s ib le  i s o l a t i n g  mechanisms, g e o g ra p h ic a l  i s o l a t i o n ,  
as  d i s c u s s e d  above, i s  no t a t r u e  i s o l a t i n g  mechanism in  t h a t  
i t  i s  n o t  i n t r i n s i c  to  th e  p o p u la t io n .  I t  w i l l , o f  c o u r s e ,  s e rv e  
to  p re v e n t  gene exchange between s p e c ie s  and t h i s  i s  r e l e v a n t .
From the  d a ta  g iv e n  in  th e  s e c t i o n  on D i s t r i b u t i o n  ( p .  9 
e t  s e q . )  and from our own f i e l d  o b s e r v a t io n s ,  i t  i s  p ro b a b le  t h a t  
f l u v i a t i l i s  i s  nowhere p r e s e n t  in  r i v e r  system s t h a t  do n o t  a l s o  
c o n ta in  p l a n e r i . L. p l a n e r i  a r e  found, however, in  s tream s  in  
which f l u v i a t i l i s  a d u l t s  o r  ammocoete have no t been found . T h e ir  
g lo b a l  d i s t r i b u t i o n  i s  i d e n t i c a l  as would be e x p e c te d  i f  p l a n e r i  
has been  d e r iv e d  from f l u v i a t i l i s .
H a b i t a t  i s o l a t i o n  d u r in g  spawning u s u a l l y  occurs  as p l a n e r i  
spawn in  sm a ll  s t r e a m s ,  o r  h ig h e r  up r i v e r  th a n  f l u v i a t i l i s . 
However, p l a n e r i , showing redd  b u i ld in g  b e h a v io u r ,  have been  found 
in  f l u v i a t i l i s  redds  on a l l  of the  f l u v i a t i l i s  spawning grounds 
s t u d i e d .  A lthough p l a n e r i  can use f l u v i a t i l i s  r e d d s ,  i t  i s  no t 
l i k e l y  t h a t  f l u v i a t i l i s  cou ld  b u i l d  o r  use redds  in  the  sm a l l  
g ra v e l  s e c t i o n s  of s tream s  u s u a l ly  chosen by p l a n e r i .
-  156 —
Temporal i s o l a t i o n  i s  d i f f i c u l t  to  a s s e s s .  Most of the  
p l a n e r i  redds  c l o s e l y  s tu d i e d  have been in  s tream s  in  which f l u v -  
i a t i l i s  do n o t  occu r ,  b u t  th e  ev idence  s u g g e s ts  t h a t  b o th  p l a n e r i  
and f l u v i a t i l i s  b e g in  redd  b u i l d in g  when the  w a te r  te m p era tu re  
re a c h e s  l l ^ C .  F l u v i a t i l i s  may be s l i g h t l y  e a r l i e r  th a n  p l a n e r i  
b u t ,  a s  m entioned  above, p l a n e r i  have been  found in  f l u v i a t i l i s  
redds  w h ile  they  were occup ied  by the  spawning r i v e r  lam preys .
P r e - f e r t i l i s a t i o n  s e x u a l  i s o l a t i o n  i s  b rough t abou t by e t h o l -  
o g ic a l  d i s c r i m in a t io n  o r  by non -co rrespondence  in  s i z e  of th e  
a d u l t s .  The p a t t e r n s  of spawning b e h a v io u r  seem to  be th e  same 
in  b o th  p l a n e r i  and f l u v i a t i l i s , a l th o u g h  th e  l a t t e r  has n o t  been 
s tu d i e d  so c l o s e l y .  However, male p l a n e r i  have been s een  a t tem p­
t i n g  t o  p a i r  w ith  female f l u v i a t i l i s  (Huggins and Thompson, 1970 
and p e r s o n a l  o b s e r v a t i o n ) .  I t  i s  im p o ss ib le  to  judge th e  su ccess  
of th e s e  a t te m p ts  because  th e  shedd ing  of eggs or m i l t  has never  
been o b se rv ed ,  even in  aquarium  o b s e r v a t io n s .
S iz e  d i s c r e p a n c ie s  make th e  normal c o u p l in g  p o s i t i o n  im p o ss ib le  
between in d i v id u a l s  of p l a n e r i  and f l u v i a t i l i s . This may n o t  be 
im p o r tan t  i f  the  c o u p l in g  b eh a v io u r  i s  s u f f i c i e n t l y  s u c c e s s f u l  
to  induce th e  r e l e a s e  of gametes a s  f e r t i l i s a t i o n  i s  e x t e r n a l .  
A lthough K i l l e  ( i9 6 0 )  report€ jd  a sp e rm -m o b i l i ty  l i f e  of 50 sec  
we have found t h a t  f e r t i l i s a t i o n  can  occur a f t e r  c o n s id e ra b ly  
lo n g e r  d e la y s  than  t h i s  (4m in).
P o s t - f e r t i l i s a t i o n  i s o l a t i o n  mechanisms a re  b ased  on the  
v i a b i l i t y  o r  s t e r i l i t y  of gametes o r  h y b r id s .  There seems to  
be no gam etic  i s o l a t i o n  between th e  two an im als  because  a r t i f i c i a l  
f e r t i l i s a t i o n  i s  a s  s u c c e s s f u l  betw een f l u v / p l a n  c r o s s e s  as  i t
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i s  in  the  homologous c r o s s e s .  H ybrids seem as v i a b l e  as  homologous
c r o s s e s  up to  two y e a rs  a f t e r  f e r t i l i s a t i o n .  However, t h e r e  i s
a v e ry  h igh  m o r t a l i t y  in  a l l  c ro s s e s  in  aquarium  p o p u la t io n s  and 
t h i s  may mask some h y b r id  i n v i a b i l i t y .  W hether h y b r id s  would 
s u rv iv e  m etamorphosis and what t h e i r  su b se q u en t development and 
b eh a v io u r  would be i s  no t known because  th e  p r e s e n t  aquarium  
p o p u la t io n s  a r e  on ly  2 y e a rs  o ld .  For t h i s  rea so n  a l s o ,  th e re  
i s  no ev idence  on h y b r id  s t e r i l i t y  o r  h y b r id  breakdown ( in v i a b ­
i l i t y  o r  s t e r i l i t y  of the F^ g e n e r a t i o n ) .
I s o l a t i n g  mechanisms between p l a n e r i  and f l u v i a t i l i s  may be 
summarised as  fo l l o w s : -
1) P a r t i a l  g e o g ra p h ic a l  i s o l a t i o n  of p l a n e r i  from f l u v i a t i l i s .
2) P a r t i a l  h a b i t a t  i s o l a t i o n  of p l a n e r i  from f l u v i a t i l i s .
3) P o s s i b l e  s e x u a l  i s o l a t i o n  on th e  b a s i s  of s i z e .
4) P o s s ib le  h y b r id  i n v i a b i l i t y  in  l a t e r  ammocoete l i f e .
5) H ybrid  s t e r i l i t y  -  no in fo rm a t io n .
No i s o l a t i n g  mechanisms a r e  known t h e r e f o r e ,  t h a t  would 
ensu re  com plete  s e g r e g a t io n  of th e  gene p o o l s .  As p l a n e r i  and 
f l u v i a t i l i s  have been found spawning t o g e t h e r  and i t  i s  known______________ a
t h a t  h y b r id s  a r e  i n i t i a l l y  v i a b l e ,  i t  i s  l i k e l y  t h a t  h y b r id s  do
occu r ,  a t  l e a s t  o c c a s io n a l ly ,  in  the  w i ld .  As p l a n e r i  can  spawn
in  f l u v i a t i l i s  r e d d s ,  b u t  a lm ost c e r t a i n l y  f l u v i a t i l i s  canno t 
*
spawn in  p l a e r i  r e d d s ,  gene flow  w i l l  te n d  to  be from p l a n e r i  
to  f l u v i a t i l i s , u n le s s  h y b r id s  a re  s u f f i c i e n t l y  v i a b l e  and f e r t i l e  
to  r e t u r n  p l a n e r i  genes w ith  an adm ix tu re  o f  f l u v i a t i l i s  genes 
in  a l a t e r  g e n e r a t io n .
The p ro c e ss  of s p é c i a t i o n  u s u a l ly  occu rs  d u r in g  and a f t e r  
g e o g ra p h ic a l  i s o l a t i o n .  The b a r r i e r s  l i k e l y  to  be e x p e r ie n c e d
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by f l u v i a t i l i s  may be c l a s s i f i e d  as  th o se  t h a t  p re v e n t  gene 
exchange between p a r t s  of th e  p o p u la t io n  w i th i n  a r i v e r  system  
and th o se  t h a t  p rev en t  gene exchange between p o p u la t io n s  i n  d i f ­
f e r e n t  r i v e r  sy s tem s .
The f i r s t  type  a re  a l l  b a r r i e r s  to  m ig r a t io n .  The flow  
of th e  r i v e r  i s  s to p p ed ,  e i t h e r  a long  i t s  c o u r s e ,  in  which case  
p o p u la t io n s  in  the  upper re a c h e s  a re  ' la n d lo c k e d * ;  o r  a t  th e  
mouth, in  which case  th e  p o p u la t io n  of th e  whole r i v e r  i s  land­
lo c k e d .  The phenomena th a t  would p r e s e n t  t h i s  type of b a r r i e r  
a r e  as  f o l l o w s : -
1) Sand banks o r  g r a v e l  s h o a ls  a c ro s s  th e  mouth of the  r i v e r ,
A pebb le  bank moving in s h o re ,  such  as C h e s i l  Beach and t h a t  a t  
S la p to n  Sands, w i l l  b lo c k  the  mouth of a r i v e r  and p re v e n t  
m ig ra t io n ,  b u t  s t i l l  a l lo w  a c e r t a i n  amount of c u r r e n t  to  f low . 
Sandbanks a r e  l e s s  l i a b l e  to  b lo c k  th e  mouth of th e  r i v e r  as they  
a r e  e a s i l y  e roded  and do n o t  a l lo w  th e  ready  p assag e  of r i v e r  
w a te r .
2) W a t e r f a l l s ,
3 ) G la c i a l  m o ra in es ,  l a n d s l i d e s  o r  o th e r  d e b r i s  a c ro s s  th e  r i v e r .
4 ) G l a c i e r s .
3 ) Man-made b a r r i e r s  of which dams and w e irs  a r e  obvious exam ples, 
b u t  s t r e t c h e s  of i n t e n s e l y  p o l l u t e d  r i v e r  may a l s o  b a r  m ig ra n ts .
The advan tage  of p o s t u l a t i n g  t h i s  type of b a r r i e r  in  the 
d e r i v a t i o n  of p l a n e r i  i s  t h a t  a  n o n - p a r a s i t i c ,  n o n -m ig ra t in g  type 
of lamprey would be th e  obvious a d a p t iv e  re sp o n se  of a la n d lo ck ed  
f l u v i a t i l i s  p o p u la t io n .
However, c e r t a i n  f e a t u r e s  of th e s e  b a r r i e r s  make i t  u n l i k e ly  
t h a t  th e y  a re  th e  prime cause  of s p é c i a t i o n .
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D ebris  b a r r i e r s ,  sandbanks, l a n d s l i d e s ,  m ora ines ,  &c 
a re  tem porary . A lak e  formed beh ind  them w i l l  r a p i d l y  overflow  
and overflow  chan n e ls  of t h i s  type  a r e  q u ic k ly  deepened and the  
b a r r i e r  e ro d ed .
W a t e r f a l l s ,  on th e  o th e r  hand, a r e  more perm anent, a l th o u g h  
tem porary  on a g e o lo g ic a l  time s c a l e .  However, th e y  w i l l  only 
p re v e n t  upstream  m ig ra t io n  and lampreys such  as f l u v i a t i l i s  w ith  
a n ' i n b u i l t *  downstream m ig ra t io n  w i l l  m ere ly  d i s a p p e a r  from th e  
re a c h e s  above the w a t e r f a l l .
G la c ie r s  w i l l  b lo c k  a r i v e r  more e f f e c t i v e l y  and f o r  lo n g e r  
th a n  d e b r i s  b a r r i e r s .  Overflow ch an n e ls  w i l l  a r i s e  b u t  th e y  w i l l  
be c u t  th rough  the  h a rd  su rro u n d in g  ro ck  o r  c o n s t a n t ly  r e p la c e d  
ic e  r a t h e r  th a n  th rough  s o f t ,  u n c o n s o l id a te d  m a t e r i a l .  F o r t h i s  
rea so n  the  g r a d ie n t s  w i l l  rem ain  s t e e p  and may c o n s t i t u t e  a 
s u c c e s s f u l  b a r r i e r  to  m ig ra t io n .
A l l  of th e s e  b a r r i e r s ,  excep t w a t e r f a l l s ,  w i l l  a r i s e  q u ic k ly  
and would seem to  c a l l  f o r  i n s t a n t  a d a p t a t i o n .  C e r t a in ly  most 
of them a re  so  ephem eral t h a t  i n s t a n t  a d a p t a t i o n  i s  n e c e s s a ry  to  
p re v e n t  swamping by f l u v i a t i l i s  types  on t h e i r  e a r l y  r e c o n t a c t .
I f  f l u v i a t i l i s  i s  in  f a c t  an e s t u a r i n e  f e e d e r ,  i t  w i l l  be by n a tu re  
t o l e r a n t  of low s a l i n i t i e s  and such an immediate change in  l i f e  
h i s t o r y  may be p o s s i b l e .
This  change would be th e  r e s u l t  of i n d i v id u a l  a d a p t a b i l i t y  
r a t h e r  than  a d a p t a t i o n  of th e  p o p u la t io n  as  the  impermanence of 
the  b a r r i e r s  would not a l low  time f o r  the  l a t t e r .  As Gause (19^2) 
p o in te d  o u t ,  t h e r e  i s  u s u a l l y  an in v e rs e  r e l a t i o n s h i p  between 
a d a p t a b i l i t y  and a d a p t a t i o n ,  t h a t  i s ,  the  b e t t e r  th e  o r i g i n a l
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a d a p t a b i l i t y ,  the  l e s s  l i k e l y  i s  the  p o p u la t io n  to  undergo 
a d a p ta t io n .
In  t h i s  p a r t i c u l a r  c a s e ,  i f  the  f l u v i a t i l i s  type  i s  a b le  to  
w i th s ta n d  such a sudden change of environm ent as  la n d lo c k in g  would 
p roduce , i t  i s  because  c o n d i t io n s  f a l l  w i th in  th e  ranges  of 
to l e r a n c e  of a t  l e a s t  some of th e  p o p u la t io n .  U nless m ig ra t io n  
i s  p re v e n te d  f o r  s u f f i c i e n t l y  long  to  a l low  of c o n s id e r a b le  
g e n e t ic  change , a r e t u r n  to  a f l u v i a t i l i s  type of l i f e  h i s t o r y  
w i l l  occur on th e  d is ap p ea ran ce  of the  b a r r i e r .
In  most of Europe, any f r e s h w a te r  p o p u la t io n s  must have 
a r i s e n  s in c e  th e  I c e  Age. There i s  g e n e ra l  agreem ent t h a t  the  
l e n g th  of th e  p o s t - g l a c i a l  p e r io d  has been i n s u f f i c i e n t  to  a l low  
much g e n e t ic  change, even in  o n e - g e n e ra t io n - p e r - y e a r  o rgan ism s.
The second type  of i s o l a t i o n ,  the  r e s t r i c t i o n  of p o p u la t io n s  
to  s in g le  r i v e r  system s would be the  i n e v i t a b l e  r e s u l t  of ' i n b u i l t *  
'homing* b e h a v io u r ,  such t h a t  each lamprey r e tu r n e d  to  th e  r i v e r  
o r  r i v e r  system  in  which i t  s p e n t  i t s  ammocoete l i f e .  This  
type of i s o l a t i o n  i s  con tin u o u s  and would a l lo w  s u f f i c i e n t  time 
f o r  the  normal p ro c e s s e s  of g e n e t i c  change and a d a p t a t i o n .
However, homing has nev e r  been  shown in  lampreys and the  
d i f f i c u l t y  of marking downstream m ig ran ts  f o r  su b seq u en t r e c a p tu r e  
on t h e i r  ups tream  m ig ra t io n  su g g e s ts  t h a t  i t  i s  a  d i f f i c u l t  
s u b j e c t  to  i n v e s t i g a t e .  The homing mechanism would have to  be 
s t r o n g ly  im p r in te d  as only  o c c a s io n a l  * o f f - c o u r s e '  s t r a g g l e r s  
would a l low  gene f lo w . A lthough salmon a r e  known to  home, they  
have not evo lved  i n t o  s in g l e - r i v e r - s y s t e m  r q c e s ,  presum ably  
because  s t r a g g l e r s  a r e  f a i r l y  common.
I f  homing b eh av io u r  i s  s u f f i c i e n t l y  im p r in te d  to  m a in ta in
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g e n e t i c  i s o l a t i o n  i s  presumed, i t  i s  d i f f i c u l t  to  accoun t f o r  
th e  i n i t i a l  sp re a d  of f l u v i a t i l i s  i n t o  p r e v io u s ly  u n c o lo n is e d  
a r e a s  to  g ive  t h e i r  p r e s e n t  day d i s t r i b u t i o n .  A lso  on t h i s  
b a s i s ,  i t  must be p o s tu l a t e d  t h a t  a l l  r i v e r s  c o n ta in in g  b o th  
p l a n e r i  and f l u v i a t i l i s  have been  r e c o lo n i s e d  by p l a n e r i .
The p ro d u c t io n  of n o n - p a r a s i t i c ,  n o n -m ig ra to ry  p l a n e r i  i s  
no t an a d a p t iv e  re sp o n se  to  i s o l a t i o n  w i th in  a  r i v e r  system  and 
i f  t h i s  mechanism i s  p o s t u l a t e d ,  i t  i s  n e c e s s a ry  to  i n v e s t i g a t e  
the cau se s  of th e  p ro d u c t io n  of a p l a n e r i - ty p e .  This i s  made 
more d i f f i c u l t  s in c e  i t  im p lie s  t h a t  th e  t o t a l  p o p u la t io n s  of 
c e r t a i n  r i v e r  system s must have evo lved  i n t o  p l a n e r i - t y p e s .
There a re  no downstream b a r r i e r s  h e r e ,  only  b a r r i e r s  between 
r i v e r  system s and so th e  gene flow  w i th i n  a r i v e r  w i l l  be 
m a in ta in e d .  I t  i s  u n l i k e ly  t h a t  s e l e c t i o n  p r e s s u r e s  co u ld  be 
such t h a t  a l l  th e  f l u v i a t i l i s  of one r i v e r  system  evo lve  in to  
p l a n e r i , w h i l s t  none of th e se  do w i th in  a n o th e r  r i v e r .
W ithou t p l a n e r i  d i s p e r s a l  a la n d lo c k in g  o r i g i n  would on ly  
produce p l a n e r i  in  r i v e r s  t h a t  have a f l u v i a t i l i s  p o p u la t io n  
w h i l s t  w i t h i n - r i v e r  i s o l a t i o n  would n ev e r  produce s tream s w ith  
b o th  p l a n e r i  and f l u v i a t i l i s .
There i s  no ev idence  t h a t  p l a n e r i  do s p re a d  from t h e i r  p o in t  
of o r i g i n  b u t  f r e s h w a te r  f i s h e s  c o lo n is e  new s t r e t c h e s  of w a te r  
and p resum ably  the  mechanisms f o r  b o th  th e s e  f i s h e s  and p l a n e r i  
a r e  much the  same.
K in g f i s h e r s  a re  known to  ta k e  a d u l t  p l a n e r i . A lthough 
k in g f i s h e r s  a r e  no rm ally  r e s t r i c t e d  to  s h o r t  s t r e t c h e s  of a 
s i n g l e  s t re a m , th e r e  i s  the  p o s s i b i l i t y  t h a t  an  o c c a s io n a l  a d u l t  planeri 
may be dropped where i t  can  f i n d  i t s  way in to  a n o th e r  w a te r  c o u r s e .
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Herons a r e  more l i k e l y  t o  be th e  c h i e f  d i s p e r s a l  a g e n t .
They have been seen  on the  spawning grounds of p l a n e r i  of the  
r i v e r  Yeo (N. Som erset)  w h ile  th e  lampreys were spawning, and 
heron  f o o t p r i n t s  a r e  o f te n  found on ammocoete mudbanks. As e e l s  
a r e  f r e q u e n t ly  ta k e n  by th e se  b i r d s  i t  i s  l i k e l y  t h a t  they  
o c c a s io n a l ly  c a tc h  a d u lb  o r  ammocoetes of p l a n e r i . Lampreys 
may be dropped or  r e g u r g i t a t e d  a l i v e  i f  th e  heron  i s  a la rm ed , 
or  th ey  may f a l l  th rough  the  n e s t  d u r in g  th e  fe e d in g  of young 
h e ro n s .  As h e ro n r ie s  a re  o f t e n  b u i l t  by th e  w a te r s id e  and as 
i n d i v id u a l  herons  f i s h  s e v e r a l  s tream s  w i th in  an a r e a ,  th e re  i s  
the  p o s s i b i l i t y  of c o l o n i s a t i o n  by t h i s  means. (Lowe, 1954» 
d e s c r ib e d  the  l i f e  of h e r o n s ) .
More p ro b ab le  however, i s  th e  t r a n s f e r  of eggs on th e  f e e t  
of wading b i r d s  such  as h e ro n s ,  e s p e c i a l l y  as th e  eggs a r e  s t i c k y  
f o r  a s h o r t  time a f t e r  f e r t i l i s a t i o n .  Moorhens, c o o ts  and 
sm all  waders such as  the  sa n d p ip e r  may a l s o  be in v o lv e d .
D i s p e r s a l  by  th e se  methods i s  l i k e l y  to  be s low , and in  s t e p s  
of up to  a m i le .  S u f f i c i e n t  eggs o r  in d i v id u a l s  must be t r a n s ­
f e r r e d  a t  the  same time to  th e  same p la c e  to  g ive  a b re e d in g  
p o p u la t io n  and u n t i l  th e  new p o p u la t io n  has been b u i l t  up , th e  
n ex t  s t e p  in  d i s p e r s a l  canno t tak e  p l a c e .
N e i th e r  la n d lo c k in g  n o r  o r i g i n  w i t ^ ^ i s o l a t e d  r i v e r  system s 
a re  v e ry  s a t i s f a c t o r y  as  th e  cause  of the  i s o l a t i o n  n e c e ss a ry  
f o r  o rthodox  s p é c i a t i o n .  With the  p ro b a b ly  r a t h e r  l i m i t e d  
d i s p e r s a l  of p l a n e r i , too  many b a r r i e r s  o f  a type  t h a t  i s  b o th  
in f r e q u e n t  and impermanent would be r e q u i r e d  f o r  la n d lo c k in g .  
I s o l a t i o n  w i th in  a r i v e r  system  would in v o lv e  an u n l i k e ly  d eg ree  
of homing, an e v o lu t io n a r y  re sp o n se  t h a t  seems u n l i k e ly  to  be 
advan tageous under th e  c i rc u m s ta n c e s  and a  r a t h e r  h ig h  degree  
of d i s p e r s a l  of p l a n e r i .
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As m entioned  above, Haldane (1957) b e l i e v e s  t h a t  300*000 
g e n e ra t io n s  a r e  n e c e s s a ry  in  v e r t e b r a t e  e v o lu t io n  t o  p roduce a 
s p e c i f i c  d i f f e r e n c e .  Taking one lamprey g e n e r a t io n  as  sev en  
y e a r s ,  and th e r e  i s  no r e a s o n  to  suppose t h a t  i t  has r e c e n t l y  
le n g th e n e d ,  th e  o r i g i n  of p l a n e r i  would be j u s t  over 2 ,0 0 0 ,0 0 0 y rs  
BP, I f  p l a n e r i  d i f f e r s  from f l u v i a t i l i s  by only  h a l f  of the  
number of genes t h a t  Haldane s u g g e s ts  i s  n e c e s s a ry  f o r  a s p e c i f i c  
d i f f e r e n c e  in  th e  v e r t e b r a t e s  and h i s  low es t  e s t im a te  f o r  th e  
c o s t  of s u b s t i t u t i o n  of a  s in g l e  gene i s  ta k e n ,  th e  o r i g i n  of 
p l a n e r i  co u ld  be as  r e c e n t  as  350*000  y e a r s
However, a l l  r e c e n t  e s t im a te s  of the  t im in g  of P le i s to c e n e  
e v e n ts  a g re e  t h a t  th e  l a s t  g l a c i a t i o n  (Würm) began 100,000 to
200.000 y e a r s  ago and d id  n o t  end u n t i l  between 10,000 and
15.000 y r s  BP (C o rn w a ll ,  19?0; E r i c s o n ,  Ewing and W o l l in ,  19&4; 
and Godwin, I 96 I ) .  The l a t t e r  p a r t  of t h i s  p e r io d  can  be 
i n v e s t i g a t e d  by r a d io - c a rb o n  d a t in g .
A ccord ing  to  d i f f e r e n t  e s t i m a t e s ,  p l a n e r i  can t h e r e f o r e  have 
a r i s e n  a t  any time between th e  T e r t i a r y  p e r io d  and the  m iddle of 
th e  l a s t  g l a c i a t i o n .  I t  seems u n l i k e ly  however, t h a t  a  s o l e l y  
f r e s h w a te r  s p e c ie s  such as p l a n e r i  co u ld  have s u rv iv e d  such  
g l a c i a l  and p e r i g l a c i a l  c o n d i t io n s  as  were p r e v a l e n t  over most 
of i t s  range  d u r in g  the  Ic e  Age.
I f  i t s  o r i g i n  were p r e - g l a c i a l ,  r e s e r v o i r  p o p u la t io n s  cou ld  
have s u rv iv e d  in  p a r t s  of th e  M e d ite r ran ean  p e n in s u la s  and 
I b e r i a ,  To s u b se q u e n t ly  sp re a d  th rough  Europe on th e  r e t r e a t  
of th e  g l a c i e r s ,  th e  Alps o r  P yrenees  must have been  c ro s s e d ,  
and th e  p ro b a b le  d i s p e r s a l  a g en ts  a r e  u n l i k e ly  to  have been  e f f e c ­
t i v e  i n  th e se  r e g io n s .
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To c o lo n is e  B r i t a i n ,  p l a n e r i  must have reac h ed  n o r th e rn  
France  by about 10,000 y r s  BP when e u s t a t i c  s e a  l e v e l  r i s e s  
f lo o d e d  the  E n g l is h  Channel. The v e g e t a t i o n  a t  t h i s  tim e was
s t i l l  tu n d ra  (S i s s o n s ,  I 964) .  I t  seems im probab le ,  t h e r e f o r e ,
t h a t  p l a n e r i  would sp re a d  so r a p i d l y  th ro u g h  a r e a s  where the  
c l im a te  was h a r s h e r  than  in  i t s  p r e s e n t  ra n g e ,  o r  i t  would 
s u r e ly  have a  l a r g e r  range th a n  a t  p r e s e n t ,  and where i t s  p ro b ab le  
p r i n c i p a l  a g e n ts  of d i s p e r s a l  were a b s e n t .
I f  th e  s p é c i a t i o n  of p l a n e r i  has ta k en  even a q u a r t e r  of th e  
time t h a t  i s  e s t im a te d  f o r  o th e r  European P le i s t o c e n e  fa u n a ,  i t  
must e i t h e r  be v e ry  r e s i s t a n t  to  f r e e z i n g ,  or have d i s p e r s a l  
mechanisms t h a t  a r e  b e t t e r  th a n  th o se  of many la n d  mammals and 
as  good as  th o se  of many b i r d s .
From th e  fo re g o in g  d i s c u s s io n ,  i t  can be seen  t h a t : -
1) There a r e  no known i s o l a t i n g  mechanisms t h a t  would s e rv e  to  
co m p le te ly  i s o l a t e  f l u v i a t i l i s  and p l a n e r i  g e n e t i c a l l y .
2 ) G eo g rap h ica l  b a r r i e r s  a l lo w in g  o r thodox  s p é c i a t i o n  a r e  d i f f i c u l t  
to  p o s t u l a t e ,
3 ) The time tak en  f o r  th e  s p é c i a t i o n  of p l a n e r i  must be of a much 
lower o rd e r  of m agnitude th an  th a t  p ro p o sed  f o r  v e r t e b r a t e  s p e c i e s .  
I n v e r t e b r a t e  s p é c i a t i o n  i s  even slower th a n  t h a t  of the  v e r t e b r a t e s .
A l t e r n a t i v e l y ,  p l a n e r i  p o s se s s e s  u n l i k e ly  powers of r e s i s t a n c e  or 
d i s p e r s a l .
As the  o rthodox  s p é c i a t i o n  c o n ce p ts  appea r  in a d e q u a te  when 
a p p l i e d  to  p l a n e r i  and f l u v i a t i l i s , as  th e y  do o c c a s io n a l ly  to  
o th e r  groups of o rgan ism s, two c o n c lu s io n s  can be r e a c h e d : -
1) t h e r e  has been a d i f f e r e n t  mode of s p é c i a t i o n  in v o lv e d  in  th e  
o r i g i n  of p l a n e r i , o r .
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2) p l a n e r i  and f l u v i a t i l i s  have no t s p e c i a t e d ,  i . e .  th ey  a re  no t 
good s p e c i e s .
6 Models of s p é c i a t i o n  of lampreys
Whether L . p l a n e r i  and L. f l u v i a t i l i s  a r e  good s p e c ie s  o r  
n o t may w e ll  be a m a t te r  of d e f i n i t i o n .  I f  i t  i s  a c c e p te d  t h a t  
p l a n e r i  has a r i s e n  j j i  s i t u  over most of i t s  range  s in c e  the  
P le i s to c e n e  however, th e  time a v a i l a b l e  f o r  d i f f e r e n t i a t i o n  from 
f l u v i a t i l i s  seems to  be in ad eq u a te  to  a l low  f o r  t r u e  s p é c i a t i o n .
Whatever taxonomic l a b e l  i s  a p p l i e d  f o r  conven ience to  the  
d eg ree  of d i f f e r e n c e  between p l a n e r i  and f l u v i a t i l i s , th e  d i f f e r ­
ences them selves  a r e  r e a l ,  and any th e o ry  of th e  o r i g i n  of p l a n e r i  
must e x p la in  th e s e  d i f f e r e n c e s  as  f a r  as  i s  p o s s i b l e .
The d i f f e r e n c e s  between f l u v i a t i l i s  and p l a n e r i  a r e  p robab ly  
m ain ly  th e  r e s u l t  of a de lay ed  m etamorphosis of p l a n e r i ; the  
l a r g e r  s i z e  a t  m etamorphosis b e in g  an obvious exam ple. S m a lle r  
a d u l t  s i z e  in  p l a n e r i  w i l l  fo l lo w  d e lay ed  metamorphosis because  
f i l t e r - f e e d i n g  i s  an i n e f f i c i e n t  mechanism, e x p e c i a l l y  w ith  a 
l a rg e  body s i z e ;  and i t  i s  to  be ex p ec ted  t h a t  th e  two e x t r a  y e a rs  
of l a r v a l  l i f e  do no t f u l l y  compensate f o r  th e  lo s s  of the  12 -  
18 months p a r a s i t i c  f e e d in g  phase of the  a d u l t  f l u v i a t i l i s . I f ,  
as seems l i k e l y ,  egg p ro d u c t io n  i s  r e l a t e d  to  s i z e ,  th e  low ered 
f e c u n d i ty  of p l a n e r i  and o th e r  brook lamprey types  i s  a l s o  a 
r e s u l t  of de layed  m etam orphosis .
A l a r g e l y  n o t io n a l  type  of f l u v i a t i l i s , the  'p ra e c o x * form, 
has been p roposed  from time to  t im e .  I t  i s  n o t  c l e a r  what i s
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meaiyby th e  p raecox  form, only  t h a t  i t  i s  a s m a l le r  type  of 
f l u v i a t i l i s , p o s s ib ly  w i th  a m id d le - l e n g th  l a r v a l  l i f e  of 5% 
y e a r s ,  a n ^ /o r  a f r e s h w a te r  fe e d in g  a d u l t  p h a s e .  A th e o ry  of 
o r i g i n  of p l a n e r i  would p r e f e r a b l y  accommodate th e  e x i s t e n c e  of 
t h i s  p raecox  ty p e ,  w hether  o r  no t i t  a c t u a l l y  o c c u r s .
The th e o ry  of the  o r i g i n  of p l a n e r i  s e t  out below i s  
u n s a t i s f a c t o r y  in  many r e s p e c t s .  I t  i s  f e l t ,  however, t h a t  
o rthodox  s p é c i a t i o n ,  in v o lv in g  g e o g ra p h ic a l  i s o l a t i o n  and the  
development of i s o l a t i n g  mechanisms on r e c o n t a c t  i s  j u s t  as  
u n l i k e l y ,  and th a t  th e  d a t a  a v a i l a b l e  p o in t  to  a r a t h e r  d i f f e r e n t  
mode of o r i g i n  f o r  p l a n e r i .
The argument below i s  s e t  ou t as a s e r i e s  of s t a t e m e n t s ,  
a l th o u g h  many of the  s ta g e s  a r e  h y p o t h e t i c a l .  Where a  g iv e n  
h y p o th e s is  i s  im p o rtan t  th ro u g h o u t ,  or a t  two d i f f e r e n t  s t a g e s ,  
i t  may be r e p e a te d .
1) A r i v e r ,  above c e r t a i n  minimum s i z e  s u p p o r ts  a p o p u la t io n
of f l u v i a t i l i s  t h a t  has r e c o lo n i s e d  i t  s in c e  th e  l a s t
g l a c i a t i o n .
2) The r i v e r  has s m a l le r  s to n e s  in  i t s  t r i b u t a r i e s  and headw aters
th a n  f u r t h e r  down th e  m a ins tream . (While t h i s  c o n f l i c t s
w ith  a c c e p te d  h y d ro g ra p h ic a l  t h e o r i e s ,  i t  i s  in  our e x p e r i ­
ence ,  t r u e  f o r  the  s t r e t c h e s  of r i v e r  in  which spawning 
lampreys a re  found . A lthough the  mountain  and up land  t r i b ­
u t a r i e s  te n d  to  have la rg e  b o u ld e r s ,  and th e  low lands have 
mud and s i l t ,  most middle rea c h e s  ap p ea r  to  have s to n e  s i z e s  
g raded  as p o s t u l a t e d . )
3) The f l u v i a t i l i s  p o p u la t io n  has a c e r t a i n  amount of in h e re n t  
v a r i a t i o n ,  some of i t  g e n o ty p ic ,  and some m ere ly  the  r e s u l t  
of en v iro n m en ta l  d i f f e r e n c e s .
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4-) Some of t h i s  v a r i a t i o n  i s  in  a d u l t  s i z e ,  and some of t h i s  
i s  g e n e t i c a l l y  c o n t r o l l e d .
5) A lamprey of a g iven  a d u l t  s i z e  can on ly  b u i l d  a  r e d d  between 
c e r t a i n ,  q u i t e  w e l l  d e f in e d  l i m i t s  b e c a u s e : -
a )  I f  the  s to n e s  of th e  r i v e r  bed a r e  to o  l a r g e ,  th e  lamprey 
canno t move them,
b) I f  the  diameteis of the  s to n e s  of th e  r i v e r  bed a r e  much 
s m a l l e r  th a n  th e  d ia m e te r  of th e  b u c c a l  d i s c ,  the  lamprey 
can n o t p ic k  them up and i f  the  s to n e s  a re  too  s m a l l ,  th e y  
w i l l  n o t  serve , to  anchor the  female d u r in g  p a i r i n g .
6) D uring  th e  pre-spaw ning m ig ra t io n ,  th e  a d u l t s  w i l l  move ups tream  
u n t i l  s to p p ed  by a b a r r i e r ,  e . g .  a w a t e r f a l l ,  o r  u n t i l  th e y  
r e a c h  th e  l i m i t  imposed by s to n e  s i z e  ( 5 b ) .  There w i l l  be
a  s t r o n g  s e l e c t i v e  p r e s s u r e  to  g ive  th e  an im als  an i n s t i n c t i v e  
d r iv e  to  m ig ra te  as  f a r  upstream  as p o s s i b l e .
7) S m a l le r  a d u l t s  w i l l  be a b le  t o  move s l i g h t l y  f u r t h e r  upstream  
th a n  la r g e  a d u l t s  u n t i l  l i m i t e d  by s to n e  s i z e  and t h i s  w i l l  
te n d  to  produce s o r t i n g  a lo n g  the  r i v e r  by s i z e . o f  the  a n im a ls .
8) Where s i z e  i s  g e n o ty p ic ,  t h i s  s o r t i n g  w i l l  be i n c r e a s in g ly  
r e i n f o r c e d  in  subsequen t g e n e r a t io n s ;  i . e .  g e n o ty p ic a l ly  
sm a l l  lampreys a r e  more l i k e l y  t o  b re e d  w ith  o th e r  sm a ll  
geno types  th a n  w ith  la rg e  g en o ty p e s ,  and t h i s  g en o ty p ic  t r e n d  
w i l l  be p r o g r e s s iv e  w i th  time u n t i l  some o th e r  l i m i t  i s  found 
( s e e  be low ).
9) When t h i s  s o r t i n g  has been  m a in ta in e d  f o r  a few g e n e ra t io n s  
th e  p o p u la t io n  w i l l  te n d  to  become a s e r i e s  of e c o lo g ic a l  
r a c e s .  M atings w i l l  ten d  to  ta k e  p la c e  in  i n t r a - s i z e - g r o u p s  
r a t h e r  th a n  i n t e r - s i z e - g r o u p s ,  and th e  g r a d a t io n  w i l l  be 
r e i n f o r c e d .  There i s  however, no g e n e t i c  d i s c o n t i n u i t y
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between g ro u p s .  The l a r g e s t  and th e  s m a l l e s t  l ^ t h  groups 
w i l l  be jo in e d  by a l l  of th e  in te rm e d ia te  g r a d a t io n s ,  th rough  
which th e re  w i l l  be gene f low , a l th o u g h  t h i s  w i l l  be re d u c e d .
lO) Both ups tream  and downstream th e r e  a r e  e c o l o g ic a l  l i m i t s  to  
th e  range  of expans ion  of th e  f l u v i a t i l i s  p o p u la t io n ,  even 
i f  the  sm all  ones c o n t in u e  g e t t i n g  s m a l le r  and can use s m a l le r  
s to n e s  and the  l a r g e r  in c r e a s e  in  s i z e  and can use l a r g e r  
s t o n e s •
a )  The la rg e  s i z e d  an im als  downstream a re  p ro b ab ly  more 
fecund  because  of t h e i r  l a r g e r  s i z e ,  th a n  th o se  up s tream . 
Downstream 'f lu s h in g *  of the  ammocoetes and the  consequen t 
m o r t a l i t y  i s  h ig h  however. An ammocoete s e t t l i n g  in  a mud- 
bank w e l l  downstream i s  much more l i k e l y  to  g e t  swept to  s e a  
by f lo o d  w a te r  b e fo re  m a tu r i ty  th an  i s  an ups tream  ammocoete. 
L a rv a l  m o r t a l i t y  in  downstream p o p u la t io n s  may a l s o  be 
h e ig h te n e d  by the  l i m i t e d  number of s u i t a b l e  mudbanks 
a v a i l a b l e  between the  spawning s i t e  and th e  t i d a l  b r a c k i s h  
r e a c h e s .  The downstream l i m i t  of th e  p o p u la t io n  t h e r e f o r e ,  
i s  r eac h ed  when the  h ig h  f e c u n d i ty  can  no lo n g e r  compensate 
f o r  th e  h igh  l a r v a l  m o r t a l i t y .  P .  m a r in u s , which i s  l a r g e r  
and spawns f u r t h e r  downstream, has a much g r e a t e r  f e c u n d i ty .  
This  i s  p ro b ab ly  su p p o r te d  by a much lo n g e r  marine fe e d in g  
s ta g e  th a n  t h a t  in  f l u v i a t i l i s .
b) Upstream  l i m i t s  of the  p o p u la t io n  w i l l  be reac h ed  when 
the  r e l a t i v e l y  low f e c u n d i ty  of sm a ll  f l u v i a t i l i s  cannot 
com pensate f o r  m o r t a l i t y .  L a rv a l  m o r t a l i t y  in  th e s e  ups tream  
spawning p o p u la t io n s  w i l l  be much reduced  because  th e  ammoc— 
o e te s  can  use many more s u i t a b l e  mudbanks th an  can th e  down-
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s t re a m  p o p u la t io n s ,  much of the  r i v e r  b e in g  a v a i l a b l e  to  them. 
The l ik d ih o o d  of upstream  ammocoetes b e in g  f lu s h e d  o u t to  
s e a  w i l l  a l s o  be much red u ce d .  However, m ig ra t io n  m o r t a l i t y  
w i l l  be much g r e a t e r .  D uring  th e  l i f e  of th e  ammocoete 
th e r e  i s  a tendency  f o r  i t  to  be c a r r i e d  downstream from 
mudbank to  mudbank, b u t  the  jo u rn ey  to  th e  se a  and back  d u r in g  
i t s  a d u l t  l i f e  w i l l  be lo n g e r  and c o n se q u e n t ly  th e  d u r a t io n  
of th e  a d u l t  f e e d in g  p e r io d  may be l e s s .
The upper l i m i t  of th e  ex p an s io n  of the  p o p u la t io n  in  
th e  r i v e r  may th e r e f o r e  be re a c h e d  when th e  food  r e s e r v e s  
b u i l t  up d u r in g  th e  marine f e e d in g  phase a re  i n s u f f i c i e n t  
to  su p p o r t  th e  an im al d u r in g  a long  upstream  m ig ra t io n  and 
i t s  su b seq u en t spawning -  b e a r in g  in  mind i t s  reduced  f e c u n d i ty .
11) Gene flow  between th e  ends of th e  p o p u la t io n  w i l l  be 
reduced  by d i s t a n c e  and in  com parison  w ith  many o th e r  an im als  
i t  w i l l  be slow because  of th e  r e l a t i v e l y  long  g e n e ra t io n  
t im e .
12) The p o p u la t io n  of s m a l l - s i z e d  an im als  w i l l  pass  genes to  
the  l a r g e r  s i z e d  an im als  more e a s i l y  th a n  v ic e  v e r s a , because  
th e  sm a l l  lampreys can use la rg e  redds  once th ey  a r e  b u i l t ,  
b u t  th e  l a r g e r  an im als  cannot use sm a l l  r e d d s .
13) The l a rg e  f l u v i a t i l i s  a r e  committed to  m ig ra t io n  to  s u s t a i n  
th e  f e c u n d i ty  n e c e s s a ry  to  c o u n te r  th e  h igh  l a r v a l  m o r t a l i t y .  
Genes f o r  an a b b r e v ia te d  m ig ra t io n  o r  s h o r t e r  a d u l t  l i f e  may 
a r i s e  b u t  th ey  w i l l  be s e v e r e ly  s e l e c t e d  a g a i n s t .
14) There i s  s e v e re  s e l e c t i o n  a g a i n s t  the  s m a l l - s i z e d  p o p u la t io n s  
becoming even s m a l le r  as  they  co u ld  n o t  then  com plete  a d u l t  
l i f e  and m ig ra t io n  s u c c e s s f u l l y  ( lO b ) .  There a r e  ad v an tag es
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i n  sm a l ln ess  however, as th e  l a rv a e  can e x p l o i t  more of th e  
r i v e r .
15) Any change which w i l l  c u r t a i l  m ig ra t io n  in  the  sm a ll  
p o p u la t io n s  w i l l  remove th e  s e l e c t i v e  d isa d v a n ta g e  of 
m ig ra t io n  and a l lo w  th e  f u l l  e x p l o i t a t i o n  of th e  advan tages  
of sm a l l  s i z e .  W ith a non-m igran t sm a l l  s i z e d  a d u l t ,  th e se  
a dvan tages  would b e : -
a )  reduced  m o r t a l i t y  due to  f l u s h in g  because  th e  ammocoetes 
a r e  w e l l  ups tream  to  b e g in  w i th .
b) in c re a s e d  numbers of mudbanks f o r  e x p l o i t a t i o n  down th e  
l e n g th  of th e  r i v e r .
c) new spawning s i t e s  a re  a v a i l a b l e  up s tream . I f  th e  
o r i g i n a l  s m a l l - s i z e d  animals* ups tream  l i m i t s  had been  s e t  
by m ig ra t io n  d i f f i c u l t i e s  r a t h e r  th an  s to n e  s i z e ,  th e  
removal of m ig ra t io n  w i l l  a l lo w  expans ion  up s tream .
16) The p o s s i b l e  p a t t e r n s  of n o n -m ig ra t in g  l i f e  h i s t o r y  a r e : -
a)  th e  c u r t a i lm e n t  of a d u l t  l i f e ,  i . e .  4% y e a r s  l a r v a l  l i f e
w ith  spawning fo l lo w in g  metamorphosis a t  5 y e a r s .
b) n eo ten y ,  i . e .  p re c o c io u s  s e x u a l  development a t  some time 
b e fo re  m etam orphosis .  Spawning would occur a t  up to  4% y e a r s .
c)  d e lay ed  m etam orphosis , i . e .  le n g th e n e d  l a r v a l  l i f e  to  
6̂  ̂ y e a r s  w ith  spawning fo l lo w in g  m etam orphosis , a t  7 y e a r s ,
a )  and b) above w i l l  produce a v e ry  sm all  a d u l t  and , i f  has 
been  s u g g e s te d ,  egg p ro d u c t io n  i s  l i m i t e d  by a d u l t  s i z e ,  
th e  f e c u n d i ty  of th e s e  types  w i l l  be v e ry  low. Scheme b)
has t h e  f u r t h e r  d isa d v a n ta g e  of g iv in g  no a d u l t  form . I t  i s
u n l i k e l y  t h a t  a l a r v a l  form would be as  e f f i c i e n t  a t  ups tream  
swimming as th e  a d u l t ,  and of c o u r s e ,  red d  b u i l d in g  and spawning
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on th e  u su a l  lamprey p a t t e r n  would be im p o ss ib le ,  as  would 
be the  p e r s i s t e n c e  of the  p o p u la t io n  t h e r e f o r e .
Scheme c) p ro v id e s  an a d u l t  form to  en ab le  red d  b u i l d in g  and 
spaw ning. A dult s i z e  w i l l  be l a r g e r  than  th o se  p ro v id e d  
by a )  o r  b ) ,  as th e r e  i s  a  com pensatory  p e r io d  of l a r v a l  
f e e d in g  l i f e  b u t  th e  a d u l t  would no t be as b ig  as  one t h a t  
had a p a r a s i t i c  t r o p h ic  p h a s e .
I f  a ) ,  b) and c) a r e  a l l  under th e  c o n t r o l  of e q u a l ly  
s im p le  t im in g  mechanisms, c )  w i l l  s t i l l  be the  most ad v an t­
ageous type of change . The m o r t a l i t y  from m ig ra t io n  upstream  
i s  e l im in a te d  and the  a d u l t  phase  n e c e s s a ry  f o r  red d  b u i l d ­
in g  and spawning i s  r e t a i n e d .  While th e  a d u l t  i s  reduced  
i n  s i z e  s u f f i c i e n t l y  to  e x p l o i t  s m a l le r - s to n e d  u ps tream  
rea c h e s  and th u s  f u r t h e r  reduce  l a r v a l  m o r t a l i t y  by f l u s h in g ,  
i t  i s  no t so sm all  as  to  reduce  th e  f e c u n d i ty  to  u n acc e p ta b ly  
low l i m i t s .  D elayed m etamorphosis would t h e r e f o r e  be th e  
most advantageous a d a p ta t io n  f o r  s m a l l ,  h i g h - r i v e r  f l u v i a t i l i s .
17) As bo th  metamorphosis and b re e d in g  occur d u r in g  s h o r t  p e r io d s  
a t  a p a r t i c u l a r  tim e of the  y e a r ,  th e  d e la y  in  metamorphosis 
would be s a l t a t o r y ,  i . e .  i n  one y e a r  jumps.
18) D e sp i te  th e  d e la y  of metamorphosis in  p a r t  of th e  o r i g i n a l  
p o p u la t io n ,  t h e r e  w i l l  no t be g e n e t ic  i s o l a t i o n .  The s m a l le r  
s i z e  of the 'b rook-lam prey*  type  w i l l  te n d  to  i s o l a t e  in d iv ­
id u a l s  ups tream  and th e r e f o r e  f u r t h e r  reduce  f low , b u t  as  
remarked above, some gene flow  from th e  s m a l l - s i z e d  p o p u la t io n  
to  th e  l a r g e r  s i z e d  i s  l i k e l y  to  c o n t in u e .
I t  i s  p o s s ib le  t h a t  p l a n e r i  and f l u v i a t i l i s  have reac h ed  t h i s  
degree  of s e p a r a t i o n  and p ro g re s s e d  no f u r t h e r  t o  d a t e .  I t  has
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been  r e p o r t e d  above t h a t  a r t i f i c i a l l y  p roduced  h y b r id s  a r e  
p o s s i b l e  and t h a t  p l a n e r i  have been seen  spawning in  f l u v i a t i l i s  
r e d d s .  I f  n a t u r a l  h y b r id s  a re  p o s s i b l e ,  t h e r e  w i l l  a lm os t 
c e r t a i n l y  be gene flow between the  p o p u la t io n s ,  which w i l l  n o t ,  
t h e r e f o r e ,  be good s p e c i e s .
As th e  c o n d i t io n s  o u t l in e d  above a re  c o n t in u in g  a t  p r e s e n t ,  
i t  can be ex p e c te d  t h a t  p l a n e r i  and f l u v i a t i l i s  w i l l  rem ain 
d i s t i n c t  fo rm s. S e g re g a t io n  by s i z e  co n t in u e s  and w i l l  te n d  to  
c o u n te r a c t  gene f lo w . F u r th e r  s t e p s  in  the  s p é c i a t i o n  of p l a n e r i  
from f l u v i a t i l i s  would be the  development of r e p r o d u c t iv e l y  
i s o l a t i n g  mechanisms. Such s t e p s  may a l r e a d y  have ta k en  p la c e ,  
b u t  as  m entioned  in  p .  155 e_t s e q .above ,  r e p ro d u c t iv e  i s o l a t i o n  
does no t y e t  seem to  be com ple te .
The s t e p s  l i s t e d  above o u t l in e  th e  s e l e c t i v e  f o r c e s  t h a t  
have made th e  development of de lay ed  metamorphosis i n  a p a r t  of 
the  f l u v i a t i l i s  p o p u la t io n  ad v an tag eo u s .  They have no t p roposed  
a  g e n e t i c  mechanism f o r  d e lay ed  m etamorphosis and the fo l lo w in g  
th e o r i e s  a t te m p t  to  o f f e r  t h i s .
I .  T r a n s i t i o n  th rough  p ra e c o x .
1) The t im in g  of metamorphosis i s  c o n t r o l l e d  by genes a t  a 
s in g l e  lo c u s .
2) The normal f l u v i a t i l i s  ty p e ,  w ith  4^  y e a r s  of ammocoete l i f e  
and 2̂  ̂ y e a r s  as a m ig ra t in g  and marine f e e d in g  a d u l t ,  has a  p a i r  
of genes AA, ' s e t t i n g *  metamorphosis a t  4^  y e a r s .
3) M u ta t io n  r a t e s  of l e t h a l s  and * d r a s t i c s '  a r e  about 1 in  
10 ,000 . A p o p u la t io n  of 100,000 a d u l t  f l u v i a t i l i s  wipûjd be 
ex p ec ted  to  p roduce ,  on a v e ra g e ,  20 a d u l t s  p e r  g e n e r a t io n  w ith  
a m utant genotype Aa.
-  173 -
4) I f  the  m utant *a* has a  m odify ing  e f f e c t  on *A* such t h a t  
m etamorphosis i s  d e lay ed  f o r  one y e a r ,  the  i n d i v id u a l s  w i th  th e  
Aa genotype w i l l  have a l a r v a l  l i f e  of 3% y e a r s .
5) Such m utants  w i l l  have a red u ced  a d u l t  l i f e  of 1% y e a r s  
and a r e  c a l l e d  h e r e ,  f o r  conven ience ,  p raec o x .
6) On m etam orphosis , p raecox  w i l l  m ig ra te .  I f  th ey  a r e  p rod­
uced in  a s h o r t  r i v e r  system , the  time n e c e ss a ry  f o r  m ig ra t io n  
may be s u f f i c i e n t l y  s h o r t  to  a l lo w  an adequa te  m arine f e e d in g  
p h a se .
7) A l t e r n a t i v e l y ,  i f  f l u v i a t i l i s  and p raecox  a r e  t o l e r a n t  of 
low s a l i n i t i e s  a s  a d u l t s ,  as  f l u v i a t i l i s  must be in  i t s  l a t e  
a d u l t  phase d u r in g  upstream  m ig ra t io n ,  p raecox  may be ab le  to  
f e e d  in  e s t u a r i e s  o r  even f r e s h  w a te r ,  g iv en  a s u i t a b l e  f i s h  
p o p u la t io n .
8) P raecox  a d u l t s  w i l l  be s m a l le r  than  normal f l u v i a t i l i s  and 
r e t u r n i n g  up r i v e r  w i l l  te n d  to  spawn h ig h e r .
9) The r e l a t i v e  f e c u n d i t i e s  of p l a n e r i  ( c a .  1 ,300 e g g s ) ,  f lu v ­
i a t i l i s  ( c a .  20,000 eggs)  and m arinus ( c a .  170,000 eggs)  s u g g e s t  
t h a t  even a s h o r t  upstream  d isp la cem e n t cf th e  p o p u la t io n  g r e a t l y  
reduces  m o r t a l i t y .
to) O ff s p r in g  of p raecox  x p raecox  c ro s s e s  w i l l  have metamorph­
o s i s  t im in g  genes AA, Aa or a a .  The o f f s p r in g  w i l l  be in  the
p r o p o r t io n s  of 1 f l u v i a t i l i s : 2 p ra e c o x : 1 p l a n e r i .
11) AA ty p es  a r e  normal f l u v i a t i l i s  and e v e n tu a l ly  r e t u r n  to  th e
p a r e n t a l  f l u v i a t i l i s  p o p u la t io n .  The p raecox  may o r  may no t 
p e r s i s t  depending  upon p r e v a i l i n g  c o n d i t i o n s .
12) aa  ty p e s  have a double  'dose* of d e la y in g  genes and th e  time 
of metam orphosis i s  d e lay ed  a f u r t h e r  y e a r ,  i . e .  to  6% y e a r s .
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13) The tw enty  o r i g i n a l  a d u l t  p raecox  would be ex p ec ted  to  
produce 5 a d u l t  aa- p l a n e r i  ty p e s ,  i f  m o r t a l i t y  were the  same 
as t h a t  in  f l u v i a t i l i s .
14) M ig ra t io n  m o r t a l i t y  of th e  aa  o f f s p r i n g  of p raecox -É raecox  
c ro s s e s  i s  e l im in a te d ,  and the  l a r v a l  m o r t a l i t y  i s  reduced  by a 
s l i g h t l y  h ig h e r  ups tream  spaw ning.
15) M o r t a l i t y ,  as  e x p re s se d  by egg numbers, i s  f i f t e e n  tim es 
as g r e a t  in  f l u v i a t i l i s  as  i t  i s  in  p l a n e r i . Given t h a t  the 
new * p l a n e r i  * ex p e r ie n c e  a much lower m o r t a l i t y ,  20 a d u l t  p raecox  
may be ex p ec ted  to  produce p e rh a p s ,  30 o r  more p l a n e r i  type  
a d u l t s .
16) These p l a n e r i  a d u l t s  would b reed  t r u l y ,  b e in g  aa g e n o ty p e s .
17) Second g e n e ra t io n  p l a n e r i  w i l l  a c c ru e  the  f u l l  advan tage  of 
spawning h ig h e r  up s tream .
18) F u r th e r  p raecox ty p es  w i l l  be produded each g e n e r a t io n  of 
f l u v i a t i l i s  by m u ta tio n  and th ey  in  t u r n  w i l l  p roduce p l a n e r i .
19) C ro s s in g  of p raecox  and f l u v i a t i l i s  w i l l  produce f l u v i a t i l i s  
and p raecox  o f f s p r in g  in  eq u a l  p r o p o r t i o n s ;  c r o s s in g  of praecox  
and p l a n e r i  w i l l  produce equa l p r o p o r t io n s  of p l a n e r i  and p ra e c o x .
I I . D i r e c t  t r a n s i t i o n  from 
f l u v i a t i l i s  t o  p l a n e r i .
1) The t im in g  of metamorphosis in  f l u v i a t i l i s  i s  c o n t r o l l e d  
by genes a t  a  s i n g l e  lo c u s .
2 ) The normal genotype i s  AA, which p roduces  a  metamorphosis 
a t  4% y e a r s .
3 ) P a r t  of the  p o p u la t io n  c a r r i e s  a gene ' a '  which has a r i s e n  
by m u ta t io n .
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4) Gene A i s  e i t h e r  dominant to  a ,  o r  i f  eq u a l  in  e f f e c t ,  
a p p ea rs  dom inant, as  i t s  e f f e c t  i s  c h r o n o lo g ic a l ly  e a r l i e r .  The 
metam orphosis canno t occur tw ic e ,
5 )  The homozygote 'aa* d e lay s  metamorphosis by two y e a r s .
6) 'a* i s  n e u t r a l  in  th e  he te ro zy g o u s  s t a t e  because  of the  
e f f e c t i v e  dominance of 'A ' .  I t  w i l l  te n d  th e r e f o r e  to  sp re a d  
randomly th ro u g h o u t  th e  p o p u la t io n ,  i t s  f requency  in c r e a s in g  
by f u r t h e r  m u ta t io n s  u n t i l  i t s  m u ta t io n  r a t e  i s  b a la n c e d  by the  
r a t e  of back m u ta t io n  from ' a '  t o  A ' .  I f  fo rw ard  and backward 
m u ta t io n  r a t e s  a re  equal an; e q u i l ib r iu m  w i l l  be e s t a b l i s h e d  
when th e r e  a re  eq u a l  numbers of th e  two a l l e l e s .
7 )  When the  p o p u la t io n  c a r r i e s  eq u a l  numbers of genes a and A, 
th e  o f f s p r i n g  of each  g e n e r a t io n  w i l l  be in  th e  p r o p o r t io n s  of 
1AA:2Aa:laa.
8) a a ' s ,  whenever occurring ,m e tam orphose  two y e a r s  l a t e r  th a n  
the  AA and Aa f l u v i a t i l i s  to  become p l a n e r i .
9) P l a n e r i  ( a a )  a r i s i n g  in  down r i v e r  p a r t s  of the  p o p u la t io n
w i l l  be e l im in a te d  as low ered  f e c u n d i ty  w i l l  on ly  be o f f s e t  by
n o n -m ig ra t io n  and no t by a  low ered  l a r v a l  m o r t a l i t y .  Those 
a r i s i n g  in  th e  h ig h e r ,  s m a l le r - f l u v i a t i l i s  p o p u la t io n s  however, 
w i l l  have an a l r e a d y  somewhat d e c re a se d  l a r v a l  m o r t a l i t y ,  and 
may be ex p ec ted  to  s u r v iv e .
10) P l a n e r i  x f l u v i a t i l i s  c ro s s e s  would g iv e  Aa o r  aa  o f f s p r in g ,  
( f l u v i a t i l i s  and p l a n e r i )
The d is a d v a n ta g e s  of Scheme I .
A weakness of t h i s  th e o ry  of o r i g i n  of p l a n e r i  i s  t h a t  th e  
i n i t i a l  f l u v i a t i l i s  p o p u la t io n s  must be f a i r l y  l a r g e  -  p ro b a b ly  
w ith  10,000 or  more b re e d in g  a d u l t s .  There a re  no e s t im a te s  of 
f l u v i a t i l i s  p o p u la t io n  s i z e s ,  b u t  from our own e x p e r ie n c e  of th e
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Tewkesbury w e ir  t r a p  on the  Severn  r i v e r ,  p o p u la t io n s  s e v e r a l  tim es 
t h i s  s i z e  can be found in  some r i v e r  sy s tem s .  There a re  many 
h i s t o r i c a l  re c o rd s  of l a rg e  numbers of f l u v i a t i l i s  caught as fo od ,  
many towns f i l l i n g  a y e a r l y  q uo ta  to  send  to  C o u r t ,  I t  seems 
p ro b a b le  t h a t  f i s h i n g  and p o l l u t i o n  have reduced  p o p u la t io n s  of 
b o th  anadromous lampreys in  h i s t o r i c a l  tim es b u t  p o p u la t io n s  of 
f l u v i a t i l i s  of 10,000 or more have p ro b ab ly  o c c u r re d  in  many
r i v e r s  a t  some time s in c e  th e  I c e  Age,
I f  p raecox a r i s e  in  any one g e n e r a t io n  from a  f l u v i a t i l i s  
p o p u la t io n ,  th ey  must s u rv iv e  to  b re e d  i f  th e y  a re  to  g iv e  r i s e
to  p l a n e r i . I n  most r i v e r s ,  a t  most t im e s ,  p raecox  forms a r e
l i k e l y  to  be s e l e c t e d  o u t .  P raecox ammocoetes, d e r iv e d  from a 
^ l u v i a t i l i s  p o p u la t io n ,  w i l l  no t have the  advan tage  of lo n g e r  
r i v e r  l e n g th  to  reduce  f l u s h in g  and th e  a d u l t s  them selves  b e a r  
the  f u l l  m ig ra t io n  m o r t a l i t y .  As p raecox  a d u l t s  can be ex p ec ted  
to  be s m a l le r  th a n  f l u v i a t i l i s  a d u l t s  due to  the  r e d u c t io n  of the  
a d u l t  f e e d in g  p h ase ,  t h e i r  f e c u n d i ty  w i l l  be c o r re s p o n d in g ly  
lo w er .  This lower f e c u n d i ty  i s  p ro b ab ly  n o t  s u f f i c i e n t  to  
u s u a l l y  overcome the  m o r t a l i t y .
In  some s i t u a t i o n s  however, p raecox  may s u rv iv e  in  s u f f i c i e n t  
numbers to  spawn. S h o r t  r i v e r s  w i l l  reduce  m ig ra t io n  time 
s u f f i c i e n t l y  to  a l lo w  an e f f e c t i v e  a d u l t  f e e d in g  phase and i f  
e s t u a r i n e  f i s h  p o p u la t io n s  a r e  l a rg e  enough, i t  may be un n ece ssa ry  
f o r  p raecox  to  m ig ra te  out to  s e a .  Such s h o r t  r i v e r s  may n o t  
however, c a r r y  a l a rg e  enough f l u v i a t i l i s  p o p u la t io n  in  th e  f i r s t  
p la c e  : and the  p raecox  would n o t  th e n  a r i s e  in  b re e d in g
numbers.
There i s  th e  p o s s i b i l i t y ,  m entioned above, t h a t  p raecox  forms 
c o u ld  feed  in  f r e s h w a te r .  In  most r i v e r s  i n s u f f i c i e n t  p rey  would 
be a v a i l a b l e ,  b u t  t h i s  p o s s i b i l i t y  canno t be ex c lu d e d .
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With re g a rd  t o  the  a d a p t iv e  i n f e r i o r i t y  of p raecox  forms i t  
must be em phasised t h a t  on ly  i n d i v id u a l s  of p raecox  a re  needed .
A p o p u la t io n  need no t be m a in ta in e d ,  and i f  i t  i s  n o t ,  s e l e c t i o n  
w i l l  a c t  on ly  on s in g le  g e n e ra t io n s  a t  a  tim e and w i l l  no t have 
th e  'compound i n t e r e s t '  e f f e c t  t h a t  i t  e x e r t s  on con tinuous  
p o p u la t io n s .
The number of p l a n e r i  d e r iv e d  from the  o r i g i n a l  f l u v i a t i l i s  
p o p u la t io n  i s  s m a l l .  I t  i s  p o s s i b le  t h a t ,  s a y ,  30 metamorphosed 
p l a n e r i  a r e  i n s u f f i c i e n t  to  produce a  b re e d in g  p o p u la t io n ,  
e s p e c i a l l y  i f  t h e i r  o r i g i n  i s  downstream of s e v e r a l  t r i b u t a r y  
ju n c t io n s  and th e  a d u l t s  d i s p e r s e  in t o  d i f f e r e n t  t r i b u t a r i e s .
I f  o l f a c t i o n  p la y s  a p a r t  in  the  a t t r a c t i o n  of a d u l t s  to  spawning 
s i t e s ,  however, the  f i r s t  few p l a n e r i  up a s t re a m  w i l l  a t t r a c t  
th e  r e s t  and th u s  most of th e  30 w i l l  spawn t o g e t h e r .  Such numbers 
a r e ,  by com parison w ith  New F o re s t  p o p u la t io n s  of p l a n e r i , 
p ro b ab ly  la rg e  enough to  produce p e r s i s t e n t  b re e d in g  p o p u la t io n s .
The com bination  of c irc u m s ta n c e s  t h a t  w i l l  a l lo w  th e  prod­
u c t io n  of p l a n e r i  by t h i s  Scheme ( l a r g e  f l u v i a t i l i s  p o p u la t io n s ;  
l a r v a l  m o r t a l i t y  reduced  because  of a s e r i e s  of y e a r s  w i th  on ly  
m oderate r a i n f a l l ;  m ig ra t io n  and a d u l t  m o r t a l i t y  reduced  because  
of u n u su a l ly  l i g h t  p r e d a t io n  and good food  s u p p l i e s )  may no t 
occur o f te n  in  most r i v e r s  and n ever  in  some. However, the p ro c e s s  
p o s t u l a t e d  i s  a c o n t in u in g  one and in  ev e ry  y e a r  s in c e  the 
c o l o n i s a t i o n  of a r i v e r  by f l u v i a t i l i s  a  c e r t a i n  number of p raecox  
w i l l  a r i s e .  There have been 10,000 o r  more chances f o r  the  
d e r i v a t i o n  of p l a n e r i  s in c e  th e  I c e  Age. I t  seems l i k e l y  t h a t  
many r i v e r s  d u r in g  t h i s  p e r io d  w i l l  have p ro v id e d  s u i t a b l e  
c o n d i t io n s  a t  l e a s t  a few t im e s .
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Independent e v o lu t io n  of p l a n e r i  types  may occur a f t e r  t h e i r  
o r i g i n a t i o n .  I n te rm e d ia te  p raecox  p o p u la t io n s  a r e  u n l i k e ly  to  
a r i s e  o f te n  and so gene flow  between th e  f l u v i a t i l i s  and p l a n e r i , 
a f t e r  the i n i t i a l  d e r i v a t i o n  o f  th e  l a t t e r ,  i s  l i k e l y  to  be only  
s p o ra d ic  or n o n - e x i s t e n t .  P o p u la t io n s  of p l a n e r i  in  r i v e r s  from 
which f l u v i a t i l i s  have s e c o n d a r i ly  d is a p p e a re d ,  or i n t o  which 
p l a n e r i  have s p re a d ,  w i l l  of c o u r s e ,  evo lve  in d e p e n d e n t ly .  
Headwaters of r i v e r s  c o n ta in in g  f l u v i a t i l i s  may be s u f f i c i e n t l y  
i s o l a t e d  from f l u v i a t i l i s - c o n ta in in g  re a c h e s  to  a l s o  a l lo w  th e  
e v o lu t io n a ry  independence of p l a n e r i  once th ey  have sp re a d  
u ps tream .
Scheme I I .
The second th e o ry  -  the  o r i g i n  of p l a n e r i  from a mixed 
homozygous and he te ro zy g o u s  f l u v i a t i l i s  p o p u la t io n ,  would a l lo w  
th e  i n i t i a t i o n  of p l a n e r i  p o p u la t io n s  in  a l l  f l u v i a t i l i s  r i v e r s  
eve ry  g e n e r a t io n .  T h is  may accoun t f o r  th e  w idesp read  d i s t r i b ­
u t i o n  of p l a n e r i , sm a l l  s tream s hav ing  been c o lo n is e d  by t h e i r  
d i s p e r s a l .
However, p l a n e r i  a r e  only  l i k e l y  to  be s u c c e s s f u l l y  d e r iv e d  
from f l u v i a t i l i s  in  ups tream  r e a c h e s .  P l a n e r i  ammocoetes ( a a -  
geno types)  a r i s i n g  in  th e  low er reac h es  of th e  f l u v i a t i l i s -  
c o lo n is e d  s e c t i o n  w i l l  no t have the  advan tages  of reduced  f l u s h in g  
or  the  l a r g e r  number of a v a i l a b l e  mudbanks t h a t  ups tream  lampreys 
w i l l  have . The v e ry  much low ered f e c u n d i ty  of th e  a d u l t  p l a n e r i  
i s ,  under th e s e  c i rc u m s ta n c e s ,  u n l i k e ly  to  compensate f o r  th e  
r e l a t i v e l y  h igh  m o r t a l i t y .  I t  i s  p ro b ab le  t h e r e f o r e ,  t h a t  on ly  
sm a l l ,  h i g h - r i v e r - f l u v i a t i l i s  w i l l  be ab le  to  convey s u f f i c i e n t  
l a r v a l  advan tages  to  t h e i r  aa  p l a n e r i  o f f s p r i n g .
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P la n e r i  may be ex p e c te d ,  t h e r e f o r e ,  to  a r i s e  only  from upstream  
f l u v i a t i l i s  p o p u la t io n s ,  b u t  w i l l  be d e r iv e d  in  r e l a t i v e l y  la rg e  
numbers (<$ of th e  number of th e  u ps tream  f l u v i a t i l i s  numbers) 
eve ry  g e n e ra t io n .
The p o p u la t io n s  of f l u v i a t i l i s  t h a t  can  s u c c e s s f u l l y  produce 
p l a n e r i  p o p u la t io n s  may be th o se  t h a t  a re  a t  th e  u ps tream  l i m i t  
of t h e i r  e c o lo g ic a l  r a n g e ,  i . e .  th o se  Whose h ig h  m o r t a l i t y  from 
the  long m ig ra t io n  i s  on ly  j u s t  c o u n te re d  by t h e i r  r a t h e r  low 
f e c u n d i ty .  Such f l u v i a t i l i s  p o p u la t io n s  a r e  p ro b ab ly  tem porary , 
on ly  p e r s i s t i n g  d u r in g  p e r io d s  when m ig ra t io n  m o r t a l i t y  i s  somewhat 
low. P l a n e r i  p o p u la t io n s  d e r iv e d  d u r in g  th e se  p e r io d s  w i l l  
become i s o l a t e d  on th e  d isa p p e a re n c e  o f  th e  f l u v i a t i l i s  p o p u la t io n  
from h igh  r i v e r  r e a c h e s .
The p o s s i b i l i t y  of indpenden t e v o lu t io n  thus  a r i s e s  in  th e se  
p l a n e r i  p o p u la t io n s ,  gene flow  o c c u r r in g  from f l u v i a t i l i s  to  
p l a n e r i  only when c o n d i t io n s  fav o u r  th e  r e - e s t a b l i s h m e n t  of 
s m a l l ,  h i g h - r i v e r  f l u v i a t i l i s .
At l e a s t  p a r t i a l  g e n e t i c  i s o l a t i o n  of p l a n e r i  p o p u la t io n s  
can occu r ,  t h e r e f o r e ,  w i th  e i t h e r  Scheme. I n  the  f i r s t ,  i t  i s  
because  p raecox  a r e  r e l a t i v e l y  i l l - a d a p t e d  and w i l l  no t u s u a l ly  
re a c h  s ex u a l  m a tu r i ty  i n  s u f f i c i e n t  numbers to  g ive  a b re e d in g  
p o p u la t io n  of p ra e c o x . In  th e  second , i t  i s  because  the  h ig h -  
r i v e r  f l u v i a t i l i s  a re  th e  on ly  ones t h a t  can  p ro v id e  s u f f i c i e n t  
l a r v a l  advan tage to  t h e i r  p l a n e r i  o f f s p r i n g  to  e n su re  t h e i r  
s u r v iv a l  to  m a tu r i ty  and because  th e se  h i g h - r i v e r  f l u v i a t i l i s  
a re  them selves  u s u a l l y  i l l - a d a p t e d  to  th e  p r e v a i l i n g  c o n d i t i o n s .
P o p u la t io n s  of p l a n e r i , such as  th o se  in  th e  New F o r e s t ,  t h a t  
a r e  i s o l a t e d  from f l u v i a t i l i s  p o p u la t io n s ,  w i l l  evo lve  independ­
e n t l y  and w i l l  f u r t h e r  ad ap t to  t h e i r  env ironm en t.  New F o re s t  
p l a n e r i  a re  much s m a l l e r  th a n  p l a n e r i  found in  f l u v i a t i l i s
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c o n ta in in g  r i v e r s  and t h i s  may r e p r e s e n t  an e c o l o g i c a l /  induced  
e v o lu t io n a r y  t r e n d  in  an i s o l a t e d  p o p u la t io n .  I f  the  p o p u la t io n  
were s t i l l  i n  c o n ta c t  w i th  th e  f l u v i a t i l i s  p o p u la t io n  from whence 
i t  was d e r iv e d ,  i t  i s  p o s s ib le  t h a t  co n tin u o u s  r e c r u i tm e n t  of 
i n d i v id u a l s  would p re v e n t  such  an e v o lu t io n a r y  t r e n d .
The second Scheme makes no a l low ance  f o r  the  e x i s t a n c e  of a 
p raecox  form u n le s s  i t  i s  s e c o n d a r i ly  d e r iv e d b y  f u r t h e r  m u ta t io n .
Both of th e s e  g e n e t ic  modes of o r i g i n  a r e  open to  i n v e s t i g ­
a t i o n  a l th o u g h  th e  p r a c t i c a l  work in v o lv ed  would p r e s e n t  d i f f i c ­
u l t i e s .  Two methods of app roach  a r e  p o s s i b l e ;  th e  r e a r i n g  to  
m a tu r i ty  of h y b r id s  in  c a p t i v i t y  and th e  i n v e s t i g a t i o n  of w ild  
p o p u la t io n s  w i th  the  m arking of ammocoetes f o r  r e c a p tu r e  a s  a d u l t s #
P l a n e r i  x f l u v i a t i l i s  h y b r id s  w i l l  in  the  f i r s t  Scheme g ive  
p raeco x  a d u l t s .  These shou ld  have a 5 ^  y e a r  ammocoet# l i f e ,  f o l l o ­
wed by m ig ra t io n  and fe e d in g  in  th e  a d u l t s .  I t  i s  u n f o r tu n a t e ly  
a lm ost im p o ss ib le  t o  r e a r  a d u l t s  th ro u g h  t h e i r  m arine p h ase ,  bu t 
i n  t h i s  c a s e ,  i f  l a r v a l  growth r a t e s  in  th e  l a b o r a to r y  co u ld  be 
m a in ta in e d  a t  th e  same l e v e l  as  th o se  of th e  w i ld  p o p u la t io n s ,  i t  
ought n o t  to  be n e c e s s a r y .  I f  a l l  p l a n e r i  x f l u v i a t i l i s  h y b r id s  
metamorphosed a t  3% y e a r  w h i l s t  p l a n e r i  x p l a n e r i  metamorphosed a t  
6^ y e a r s ,  and f l u v i a t i l i s  x f l u v i a t i l i s  a t  4^ , th e r e  would be good 
grounds f o r  b e l i e v in g  the  in te r m e d ia te  to  be th e  p raecox  form .
I d e a l l y ,  c ro s s e s  ( p raecox  x p ra e c o x ) sho u ld  a l s o  be made. 
O f f sp r in g  of th e se  c ro s s e s  sh o u ld  be i n  the  r a t i o  of 1 f l u v i a t i l i s  
(4% l a r v a l  y e a r s )  : 2 p raecox  (3%y) : 1 p l a n e r i  ( 6 ^ ) .  A gain , th e  
r e a r i n g  to  m a tu r i ty  i s  l i k e l y  to  be im p o ss ib le  in  f l u v i a t i l i s  and 
p ra e c o x , b u t  p l a n e r i  co u ld  be k ep t to  m a tu r i ty  and sh o u ld  b reed  
t r u l y .
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In  th e  second Scheme, Aa genotypes  a r e  l i k e l y  t o  make up 
between % and % of th e  t o t a l  f l u v i a t i l i s  numbers. Random 
h y b r id i s a t i o n  between f l u v i a t i l i s  sh o u ld  produce f l u v i a t i l i s  
and p l a n e r i  o f f s p r in g  in  th e  r a t i o  of abou t 1 1 :1 .  In  n a t u r e ,  
th e  p l a n e r i  o f f s p r in g  of most of th e  f l u v i a t i l i s  p o p u la t io n  
would not s u rv iv e ,  b u t  the presum ably reduced  l a r v a l  m o r t a l i t y  
under l a b o ra to r y  c o n d i t io n s  sh o u ld  a l lo w  an ap p ro x im a tio n  of 
th e se  p ro p o r t io n s  to  emerge. P l a n e r i  x f l u v i a t i l i s  (a a  x 
AA or Aa) shou ld  g ive  p l a n e r i  and f l u v i a t i l i s  o f f s p r in g  i n  the  
p r o p o r t io n s  of abou t 3:1»
With the  h y b r i d i s a t i o n  experim en ts  above, ammocoetes must be 
r e a r e d  to  metamorphosis and p r e f e r a b l y  th rough  a d u l t  l i f e .
E q u a l ly  im portan t i s  t h a t  l a r v a l  grow th r a t e s  a r e  as  n e a r  to  those  
found in  w ild  p o p u la t io n s  as  p o s s i b l e ,  e s p e c i a l l y  where a 
praecox  form w ith  a 3% y e a r  l a r v a l  l i f e  i s  p o s s ib ly  in v o lv e d .
I n v e s t i g a t i o n s  of w i ld  p o p u la t io n s  may h e lp  to  s u p p o r t  th e  
f i r s t  scheme i f  the  e x i s t e n c e  of p raecox  can be shown. U n fo r t ­
u n a t e ly ,  p raecox in d i v id u a l s  w i l l  always be r a t h e r  r a r e  and w i l l  
be i n d i s t i n g u i s h a b l e ,  on most c r i t e r i a ,  from f l u v i a t i l i s .
P raecox ammocoetes w i l l  p ro b ab ly  always be too  few in  number 
to  be shown on le n g th - f r e q u e n c y  d i s t r i b u t i o n  a n a l y s i s .  T h e i r  
3% y e a r  l a r v a l  l i f e  i s  l i k e l y  to  be masked by p l a n e r i  w i th  i t s  
6% y e a r  ammocoete l i f e .
Metamorphosing p raecox  w i l l  be l a r g e r  th a n  th o se  of f l u v i a t -  
i l i s ,  b u t  i f  s i l v e r y  c o l o u r a t io n  i s  l i n k e d  w ith  th e  anadromous 
l i f e  h i s t o r y , w i l l  be i n d i s t i n g u i s h a b l e .  I t  i s ,  of c o u r s e ,  
p o s s i b le  t h a t  p raecox  m acrophthalm ia  a r e  f r e q u e n t ly  caugh t and 
a re  c a t e g o r i s e d  as  r a t h e r  l a rg e  f l u v i a t i l i s  m acroph tha lm ia .
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A dult p raecox  w i l l  be s m a l le r  th a n  av e rag e  f l u v i a t i l i s , 
b u t  a g a in  a r e  l i k e l y  to  be i n d i s t i n g u i s h a b l e  from sm a l l  f l u v i a t ­
i l i s  . Small an im als  p r e s e n t l y  i d e n t i f i e d  as  f l u v i a t i l i s  may in  
f a c t  be p ra e c o x , j u s t  as l a rg e  f l u v i a t i l i s  m acrophthalm ia  may 
be p ra e c o x . U nless  th e r e  i s  a d i s c o n t i n u i t y  i n  th e  range  of 
s i z e s ,  which seems im probab le ,  n e i t h e r  m acrophthalm ia  no r  a d u l t s  
of p raecox cou ld  be d i s t i n g u i s h e d  from th o se  of f l u v i a t i l i s .
There i s ,  e x - h y p o th e s i s , no p h en o ty p ic  d i f f e r e n c e  between 
AA and Aa f l u v i a t i l i s  in  th e  second Scheme, Were t h e r e  to  be 
so ,  s e l e c t i o n  would a l t e r  th e  f requency  of th e  gene a ,  and 
a l th o u g h  t h i s  would no t n e c e s s a r i l y  i n v a l i d a t e  th e  Scheme, i t  
would make th e  t h e o r e t i c a l  im p l ic a t io n s  u n n e c e s s a r i ly  c o m p lic a te d .
The marking of ammocoetes f o r  r e c a p t u r e .
There i s  a t  p r e s e n t  no s u i t a b l e  method of marking ammocoetes 
f o r  r e c a p tu r e  as  a d u l t s .  I t  i s  p o s s i b l e  t h a t  the  im p la n ta t io n  
of r a d io - i s o t o p e s  may be f r u i t f u l ,  b u t  such an i s o to p e  would 
have to  be m e ta b o l i c a l ly  i n e r t ,  be r e t a i n e d  in  the  organism  f o r  
a long  p e r io d  of t im e ,  have a  s u i t a b l e  h a l f - l i f e  and i t s  em iss ions  
would have to  be as  s o f t  as  p o s s i b l e ,  a l th o u g h  co m p a tib le  w ith  
d e t e c t i o n .  The m ajor d isa d v a n ta g e  of r a d i o a c t i v e  m arking i s  
t h a t  m u ta tio n  r a t e s  may be a f f e c t e d  and t h i s  would p r e ju d i c e  th e  
v a lu e  of the  i n t e r p r e t a t i o n  of any such  e x p e r im e n ts .
I f  a s u i t a b l e  method of m arking can  be developed  however, i t  
would prove v e ry  u s e f u l  in  th e  c l a r i f i c a t i o n  of th e  g e n e t i c  
mechanisms p roposed  h e r e .
In  th e  f i r s t  Scheme, l a b e l l i n g  of l a rg e  *f l u v i a t i l i s * macro­
p h th a lm ia  might show a p o s i t i v e  c o r r e l a t i o n  between ' l a r g e n e s s *
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of m acrophthalm ia  and ’ sm allness*  of a d u l t  s i z e ,  i . e .  th e  p raecox  
form.
With th e  p raecox  in te rm e d ia ry  mechanism proposed  in  the  f i r s t  
Scheme, a com bina tion  of h y b r i d i s a t i o n  and marking w ith  r e l e a s e  
and r e c a p tu r e  would p ro b ab ly  prove th e  most u s e f u l  te c h n iq u e .
Thus, p l a n e r i  x f l u v i a t i l i s  ammocoetes sh o u ld  be r e c a p tu r e d  as  
sm all  *f l u v i a t i l i s * (= p ra e c o x ) . w h i l s t  p raecox  x p raecox  c r o s s e s  
( o b ta in e d  from p l a n e r i  x f l u v i a t i l i s  c r o s s e s )  sh o u ld  g ive  
ammocoetes t h a t  mature as  f l u v i a t i l i s . p ra e c o x . o r  p l a n e r i .
The ad v an tag es  of r e l e a s e  of h y b r id s  i s  t h a t  more o r  l e s s  n a t u r a l  
growth and m o r t a l i t y  c o n d i t io n s  a re  a s s u r e d ,  as  i s  th e  p ro v is i  on 
of m arine  c o n d i t io n s  f o r  anadromous a d u l t s ;  always p ro v id ed  th a t  
th e  m arking method has no d e l e t e r i o u s  e f f e c t .
In  the  second Scheme, marked p l a n e r i  x f l u v i a t i l i s  h y b r id s  
sho u ld  be re c o v e re d  as f l u v i a t i l i s  a d u l t s  o n ly ;  the  marking of 
f l u v i a t i l i s  x f l u v i a t i l i s  ammocoetes a l s o  n e c e s s i t a t e s  a r t i f i c i a l  
f e r t i l i s a t i o n ,  as  f l u v i a t i l i s  ammocoetes a re  i n d i s t i n g u i s h a b l e  
from th o se  of p l a n e r i . F l u v i a t i l i s  x f l u v i a t i l i s  c ro s s e s  
sh o u ld  p ro v id e  a d u l t s  t h a t  a r e  b o th  f l u v i a t i l i s  and p l a n e r i , 
bu t  th e  n e c e s s i t y  of r e l e a s i n g  ammocoetes f a r  ups tream  must be 
borne in  mind.
The Schemes o u t l i n e d  above a re  n o t  open to  i n v e s t i g a t i o n  a t  
every  s t a g e ,  b u t  i t  i s  hoped t h a t  where c l a r i f i c a t i o n  i s  p o s s i b l e  
i t  w i l l  be u n d e r ta k e n .
These Schemes depend upon the  t im in g  of metamorphosis b e in g  
c o n t r o l l e d  by a s im ple  g e n e t ic  change .  The p e r io d  of time 
a v a i l a b l e  f o r  such a change n e c e s s i t a t e s  t h a t  the  change was q u ick  
and t h e r e f o r e  s im p le .
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The development of b rook  lampreys seems to  be a common t r e n d  
in  lamprey e v o lu t io n  th ro u g h o u t th e  w o r ld .  The major a r e a s  
c o n ta in in g  lampreys have been a f f e c t e d  by th e  P le i s t o c e n e  Glac­
i a t i o n  ( in c lu d in g  A u s t r a l i a ,  Browne, 1957).  The c i rc u m s ta n c e s  
t h a t  have le d  to  th e  d e r i v a t i o n  of p l a n e r i  w i l l  have o b ta in e d  in  
th e s e  a re a s  a l s o .
I t  may be supposed t h a t  th e  o r i g i n a l  p r e - P l e i s t o c e n e  p a r a s i t i c  
p o p u la t io n s  w i l l  have g iven  r i s e  to  n o n - p a r a s i t i c  forms f o r  th e  
rea so n s  o u t l i n e d  above. D uring  th e  P le i s t o c e n e  G la c i a t i o n  
some of the n o n - p a r a s i t i c  p o p u la t io n  w i l l  have been d e s t ro y e d  
w h i l s t  th o se  in  th e  re g io n s  beyond the  l i m i t s  of p e r i g l a c i a l  
c o n d i t io n s  w i l l  have su rv ived#  These p o p u la t io n s  a re  p ro b ab ly  
now r e p r e s e n te d  by th e  r e l i c t  and ‘degenera te*  n o n - p a r a s i t i c  
forms found in  so u th e rn  N orth  America, Mexico, s o u th e rn  Europe 
and so u th  e a s t e r n  A s ia .
A f te r  th e  r e t r e a t  of g l a c i a l  c o n d i t io n s  th e  p a r e n t a l  
p a r a s i t i c  p o p u la t io n s  w i l l  s p re a d  polew ards and th e  p r e s e n t  
day n o n - p a r a s i t i c  p a i r e d  s p e c ie s  w i l l  have been  d e r iv e d  iji s i t u  
s in c e  t h i s  t im e .
At t h i s  s t a g e  i t  i s  im p o ss ib le  to  d ec id e  w hether  p l a n e r i  
and f l u v i a t i l i s  a r e  s p e c i f i c a l l y  d i f f e r e n t .  The mechanisms 
o u t l i n e d  above w i l l  a l lo w  e v e n tu a l  s p é c i a t i o n ,  b u t  i t  i s  p o s s ib le  
t h a t  the  p o p u la t io n s  i n v e s t i g a t e d  have no t y e t  reac h ed  t h i s  s t a g e .
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